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ABSTRACT
Application of Glycosyl Imidates and Nitrates in Carbohydrate
Synthesis
Tinghua Wang
Doctor of Philosophy, University of Missouri – St. Louis
Prof. Alexei V. Demchenko, Advisor
Carbohydrates are the most abundant molecules among the four essential classes
of biomolecules that also include nucleic acids, lipids and proteins. Unlike proteins and
nucleic acids, which follow template-driven synthetic pathways, there is no general route
to the synthesis of carbohydrates. The stereoselectivity of the formation of O-glycosidic
linkages and the regioselectivity of protection and deprotection of specific hydroxyl
groups over others represent two of the major challenges in carbohydrate chemistry.
This thesis is dedicated to the development of novel strategies for efficient
synthesis of carbohydrate building blocks and stereocontrolled glycosylations for stepeconomy oligosaccharide synthesis. Novel glycosyl donors with difluoro-3H-indol-2-yl
(OFox) leaving group made from 3,3-difluoroxindole aglycone (HOFox) were
investigated to achieve highly efficient glycosylation reactions. Moreover, the 2-Obenzyl-3,4,6-tri-O-acyl protecting group pattern helped to achieve high and even
exclusive α-stereoselectivity. Based on the high reactivity of OFox imidates, regenerative
glycosylation method was applied to glycosylations of bromide donors by using catalytic
amount of HOFox to form OFox in situ.
The synthesis of an important building block 1,3,4,6-tetra-O-acetyl-α-Dglucopyranose (2-OH glucose) was revisited and improved by better understanding of the
reaction mechanism. Glycosyl nitrates were discovered to be the intermediates of this
reaction. Glycosyl nitrates were also investigated as new glycosyl donors for Oglycosylation. Lanthanide triflates showed good affinity to activate the nitrate leaving
group. The reaction conditions were further optimized and applied to the direct synthesis
of oligosaccharides of 2-aminosugars, which previously required multiple synthetic steps.

ii

ACKNOWLEDGEMENTS
First of all, I would like to express my appreciation to my PhD advisor, Professor
Alexei V. Demchenko, who gave me a great opportunity to be a part of the best research
group, Glycoworld. I did not come for organic chemistry when I firstly joined UMSL. He
added his name to my advisor interview list. I changed my mind right after his impressive
presentation and decided to become a carbohydrate chemist. This turned out to be one of
the best decisions I have ever made in my life! He is definitely the best boss I have ever
met. He is always supportive and patient. At the beginning of my research career, I was
progressing slowly. He gave me abundant opportunities to make mistakes and enough
time to grow up, just like the parent of our “Glycoworld” family. Thank you Alexei for
everything you have done for us. I would always be proud to be your student and a part
of warmest and greatest “Glycoworld.”
Also, I am very thankful to all my dissertation committee including Prof. Eike
Bauer, Prof. Janet Braddock-Wilking, and Prof. Keith J. Stine for all the encouragement,
recommendations, and support. I also want to thank Dr. Salvatore Pistorio and Dr.
Jagodige P. Yasomanee for teaching me everything when I firstly joined the lab. I also
would like to thank all faculty and staff from the Department of Chemistry and
Biochemistry at the University of Missouri-Saint Louis for all the indispensable
knowledge I have gained and continuous support throughout my PhD studies at UMSL.
I also would like to thank all the past and current Glycoworld group members, Dr.
Swati Nigudkar, Dr. Xiao Jia, Dr. Satsawat Visansirikul, Michael P. Mannino, Mithila
Bandara, Matteo Panza, Scott Geringer, Catherine Alex, Samira Escopy, Dr. Abhijeet
Kayastha, Dr. Crystal O’Neil, Dr. Yashapal Singh for all of their support for my research
and my life.

iii

LIST OF ABBREVIATIONS
Å ............................................................................................................................Ångström
Ac ...............................................................................................................................Acetyl
Ac2O...........................................................................................................Acetic anhydride
AcOH ..................................................................................................................Acetic acid
Ag2O .............................................................................................................Silver (I) oxide
AgNO3 .........................................................................................................Silver (I) nitrate
AlCl3 .....................................................................................................Aluminium chloride
All .................................................................................................................................Allyl
AgOTf ..........................................................................Silver(I) trifluoromethanesulfonate
BCl3........................................................................................................... Boron trichloride
BF3·OEt2 ......................................................................................Boron trifluoride etherate
BH3•THF...........................................................................Borane tetrahydrofuran complex
BH3•Me3N .........................................................................Borane trimethylamine complex
BH3•Me2NH.......................................................................Borane dimethylamine complex
BH3•SMe2.........................................................................................Borane dimethylsulfide
BiBr3 .................................................................................................. Bismuth(III) bromide
Bn ...............................................................................................................................Benzyl
BnBr ............................................................................................................Benzyl bromide
Br2 ...........................................................................................................................Bromine
Bu2BOTf................................................................ Dibutylboryl trifluoromethanesulfonate
Bu4NI ................................................................................. Tetra-n-butylammonium iodide
Bu4NF ..............................................................................Tetra-n-butylammonium fluoride

iv

Bu3SnH ............................................................................................Tributyltin(IV) hydride
Bu2SnO ...............................................................................................Dibutyltin(IV) oxide
Bz .............................................................................................................................Benzoyl
BzCl............................................................................................................Benzoyl chloride
BzCN...........................................................................................................Benzoyl cyanide
CaH2 ...........................................................................................................Calcium hydride
CAN ...............................................................................................Ceric ammonium nitrate
CDCl3 ...............................................................................................Deuterated chloroform
CD3OD ................................................................................................Deuterated methanol
CF3CO3H...........................................................................................Trifluoroperacetic acid
CHCl3 .................................................................................................................Chloroform
CH2CHCH2MgCl.........................................................................Allyl magnesium chloride
CH2Cl2 .......................................................................................................Dichloromethane
CH3COCH3 ..............................................................................................................Acetone
ClCH2CH2Cl ..........................................................................................1,2-Dichloroethane
CO............................................................................................................ Carbon monoxide
Co2(CO)8............................................................................................ Dicobalt octacarbonyl
CrCl2................................................................................................. Chromium(II) chloride
Cu(OTf)2.....................................................................Copper(II) trifluoromethanesulfonate
d ................................................................................................................................Doublet
dd ...........................................................................................................Doublet of doublets
DIBAL..................................................... ..............................Diisobutyl aluminum hydride
DIPEA ......................................................................................N,N-Diisopropylethylamine

v

DMA ..................................................................................................... Dimethylacetamide
DMAP .........................................................................................4-Dimethylaminopyridine
DME ........................................................................................................ Dimethoxyethane
DMF .............................................................................................N,N-Dimethylformamide
EDC ....................................................1-Ethyl-3-(3-(dimethylamino)propyl)-carbodiimide
Et ..................................................................................................................................Ethyl
Et2O ...................................................................................................................Diethylether
EtOAc............................................................................................................... Ethyl acetate
EtOH......................................................................................................................... Ethanol
Et3SiH............................................................................................................. Triethylsilane
Er(OTf)3................................................................... Erbium(III) trifluoromethanesulfonate
Gd(OTf)3............................................................Gadolinium(III) trifluoromethanesulfonate
h ............................................................................................................................... Hour(s)
HCl ..........................................................................................................Hydrogen chloride
HClO4 ........................................................................................................... Perchloric acid
HCO2NH4............................................................................................. Ammonium formate
Hf(OTf)4 ............................................................... Hafnium(IV) trifluoromethanesulfonate
HMDS ............................................................................................... Hexamethyldisilazane
H2O...............................................................................................................................Water
H2O2 .......................................................................................................Hydrogen peroxide
HOBt................................................................................................. Hydroxybenzotriazole
H2NNH2 H2O ...........................................................................................Hydrazine hydrate
HR-ESI MS ...........................High Resolution Electrospray Ionization mass spectrometry

vi

HR-FAB MS ......................High Resolution Fast Atom Bombardment mass spectrometry
Hz .................................................................................................................................Hertz
I2 .................................................................................................................................Iodine
IPA......................................................................................................... Isopropenyl acetate
Ir ................................................................................................................................Iridium
k .....................................................................................................................................Kilo
KHF2.....................................................................................................Potassium bifluoride
LevOH ............................................................................................................Levulinic acid
LiAlH4 .......................................................................................Lithium aluminium hydride
LiEt3BH.....................................................................................Lithium triethylborohydride
LiI ................................................................................................................. Lithium iodide
LiOOH ............................................................................................ Lithium hydroperoxide
M .................................................................................................................................Molar
m ............................................................................................................................ Multiplet
Me ............................................................................................................................. Methyl
Me2BBr..............................................................................................Bromodimethylborane
MeCN ................................................................................................................ Acetonitrile
Me2EtSiH...............................................................................................Dimethylethylsilane
MeMgI..........................................................................................Methylmagnesium iodide
MeNO2 ........................................................................................................... Nitromethane
MeOH ................................................................................................................... Methanol
Me2SnCl2 ......................................................................................... Dimethyltin dichloride
MgSO4 ....................................................................................................Magensium sulfate

vii

min ........................................................................................................................ Minute(s)
MoCl5 .......................................................................................... Molybdenum(V) chloride
MS ............................................................................................................. Molecular sieves
MW ...........................................................................................................Molecular weight
m/z ....................................................................................................... Mass to charge ratio
N3−................................................................................................................................Azide
Na .............................................................................................................................Sodium
NaBH4 ..................................................................................................Sodium borohydride
NaCNBH3 ...................................................................................Sodium cyanoborohydride
NaH .............................................................................................................Sodium hydride
NaHCO3 ................................................................................................Sodium bicarbonate
NaN3 ................................................................................................................Sodium azide
NaOAc ..........................................................................................................Sodium acetate
NaOH ..................................................................................................... Sodium hydroxide
NaOMe .................................................................................................. Sodium methoxide
Nap ........................................................................................................................ Naphthyl
Na2S2O3 ...................................................................................................Sodum thiosulfate
NBS ................................................................................................... N-Bromosuccinimide
Nd(OTf)3.......................................................... Neodymium(III) trifluoromethanesulfonate
NH4OAc................................................................................................ Ammonium acetate
NMR ....................................................................................... Nuclear magnetic resonance
NPhth .................................................................................................................Phthalimido
OBox ...........................................................................................................O-Benzoxazolyl

viii

PBr3 .................................................................................................. Phosphorus tribromide
Pd/C .....................................................................................................Palladium on carbon
Ph .............................................................................................................................. Phenyl
PhBCl2................................................................................................Dichlorophenylborane
PhLi.................................................................................................................Phenyllithium
PivCl ......................................................................................................... Pivaloyl chloride
PMB ......................................................................................................... p-Methoxybenzyl
PMHS.......................................................................................... Polymethylhydrosiloxane
ppm ............................................................................................................ Parts per million
Pr(OTf)3........................................................Praseodymium(III) trifluoromethanesulfonate
Py .............................................................................................................................Pyridine
Rf............................................................................................................... Retention factor
rt ............................................................................................................. Room temperature
s ................................................................................................................................. Singlet
SBox ............................................................................................................S-Benzoxazolyl
Sc(OTf)3................................................................Scandium(III) trifluoromethanesulfonate
SEt ........................................................................................................................... S-Ethyl
Sm(OTf)3..............................................................Samarium(III) trifluoromethanesulfonate
SnCl4 .......................................................................................................... Tin(IV) chloride
t .................................................................................................................................. Triplet
TBAF ............................................................................. Tetra-n-butyl ammonium fluoride
TBAI ................................................................................. Tetra-n-butyl ammonium iodide
TBDMS ........................................................................................... tert-Butyldimethylsilyl

ix

TBDMSiH .................................................................................... tert-Butyldimethylsilane
TBDMSOTf........................................... tert-Butyldimethylsilyl trifluoromethanesulfonate
tert-BuOH...........................................................................................................tert-Butanol
TFA ...................................................................................................... Trifluoroacetic acid
Tf2O ................................................................Trifluoromethanesulfonic (triflic) anhydride
TfOH ....................................................................... Trifluoromethanesulfonic (triflic) acid
THF .............................................................................................................Tetrahydrofuran
TIBAL..................................................................................................Triisobutylaluminum
TiCl4...................................................................................................Titanium(IV) chloride
TLC .......................................................................................... Thin layer chromatography
TMS ...............................................................................................................Trimethylsilyl
TMSCl...............................................................................................Trimethylsilyl chloride
TMSOTf ............................................................. Trimethylsilyl trifluoromethanesulfonate
TsCl .......................................................................................... p-Toluenesulfonyl chloride
TsOH ............................................................................................... p-Toluenesulfonic acid
V(O)(OTf)2...........................................................Oxovanadium trifluoromethanesulfonate
Zn ...................................................................................................................................Zinc
ZnCl2 ................................................................................................................Zinc chloride

x

TABLE OF CONTENTS
CHAPTER 1
Synthesis of carbohydrate building blocks via regioselective protection/deprotection
strategies
1.1 Introduction ...................................................................................................................2
1.2 Relative reactivity of hydroxyl groups: early studies and basic considerations...........3
1.3 Synthesis of partially substituted building blocks by uniform regioselective
protection..................................................................................................................... 6
1.3.1

Esterification....................................................................................................6

1.3.2

Alkylation and silylation...............................................................................12

1.3.3

Protection with cyclic groups........................................................................14

1.4 Synthesis of partially substituted building blocks by regioselective
deprotection................................................................................................................15
1.4.1

Saponification and ester migration................................................................15

1.4.2

Removal of ether protecting groups..............................................................19

1.4.3

Selective removal and opening of cyclic protecting groups..........................26

1.5 Conclusions................................................................................................................53
1.6 References .................................................................................................................54

CHAPTER 2
OFox imidates as versatile glycosyl donors for the conventional and regenerative
glycosylation
2.1 Introduction ………………………………………………………………………...77
xi

2.2 Glycosylations of OFox imidates…………….....….....….……...………….......…...78
2.3 Regenerative glycosylation using HOFox…………….....................…………….….84
2.4 Conclusions…………………….…………………………….……………….....…...87
2.5 Experimental....………………………………………………………………............87
2.5.1

General methods ………………………………….....……………...........….87

2.5.2

Preparation of imidate donor 2.2…..........................................................…...88

2.5.3

Glycosylation of OFox imidate 2.2…………………...........................……...90

2.6 References....…………………………………………………………....……............93

CHAPTER 3
Glycosyl nitrates in synthesis: streamlined access to glucopyranose building blocks
differentiated at C-2
3.1 Introduction ……………………......……………...……………...………...............98
3.2 Results and discussion …………….....………………………...………….......…..100
3.3 Conclusions ....................…………….....………………………...…………....….112
3.4 Experimental …………………….……………………………………........……..112
3.4.1

General methods ……………….………………….....……………........…112

3.4.2

Synthesis of 1,3,4,6-tetra-O-acetyl-α-D-glucopyranose (3.2).…….............113

3.4.3

Synthesis of nitrate 3.13 and 3.14................................................................115

3.4.4

Synthesis of C-2 substituted sugar 3.15-3.18………………………….......116

3.4.5

X-ray structure determination......................................................................120

3.5 References …………………………………………………………………..….....121

xii

CHAPTER 4
Investigation of glycosyl nitrates as building blocks for chemical glycosylation
4.1 Introduction ………………………………………...…………….……….............129
4.2 Results and discussion …………….....………….……………..……..….........…..130
4.3 Conclusions and outlook......…………….....…………...….....................………...140
4.4 Experimental …………………….………………………………….....……..…...140
4.4.1

General methods …………………………………...……………......….....140

4.4.2

Synthesis of glycosyl nitrate donors.………………...................……..…...141

4.4.3

Synthesis of disaccharides……......................................…………..............144

4.5 References ……………………………………………………………….....……..149

CHAPTER 5
Development of the chemical glycosylation reaction with 2-azido-2-deoxy nitrate
donors
5.1 Introduction ………………………………………...……………...…..….............157
5.2 Results and discussion …………….....………………………...…………........….159
5.3 Conclusions.......…………….....…………...............……………...…….....…..….163
5.4 Experimental.……………………………………………………………………...164
5.4.1

General methods …………………………………………………………..164

5.4.2

Synthesis of glycosyl nitrate donor………...…………………...........……165

5.4.3

Synthesis of disaccharides………...…………………................….....……165

5.5 References …………………………………………………………….....………..169

APPENDIX (selected NMR spectral data)
xiii

LIST OF SCHEMES

CHAPTER 1
Scheme 1.1 The overview of protecting group strategies described herein......................3
Scheme 1.2 Selective double pivaloylation of pyranoside derivatives of different
Sugar series....................................................................................................5
Scheme 1.3 Reagent-dependent poly-acetylation..............................................................7
Scheme 1.4 Regioselectivity of the benzoylation of unprotected
galactopyranosides........................................................................................8
Scheme 1.5 Selective tribenzoylation of α-D-glucopyranoside……............................…9
Scheme 1.6 Iodine-Promoted Regioselective Acylation…………….......……...….....…9
Scheme 1.7 Streamlined one-pot regioselective acetylation of D-glucose…..............…10
Scheme 1.8 Regioselective acetylation in the presence of catalytic MoCl5 ….......……10
Scheme 1.9 Regioselective benzoylation via stannylene acetals…………..…………..11
Scheme 1.10 Partial protection with pivaloyl groups……........................…...…..….…12
Scheme 1.11 Tin-mediated regioselective alkylation using Ag2O as an additive….......13
Scheme 1.12 Regioselective trisilylation………...…....….........................................…13
Scheme 1.13 Double ketalization of unprotected hexoses ………...…....…..............…14
Scheme 1.14 Selective deacetylation of glucosides ………...…....…........................…16
Scheme 1.15 Selective deacetylation of sucrose ..................................……..........…....16
Scheme 1.16 The synthesis of 2-OH derivatives via acetyl group migration.........…....17
Scheme 1.17 Selective deacetylation with lithium hydroperoxide…….................…....18
Scheme 1.18 Selective deacetylation with hydrazine hydrate…….........................…....18

xiv

Scheme 1.19 The synthesis of 2-OH derivative 1.80 via bismuth(III)-promoted
activation of glycosyl iodide 1.79.......……...............................................19
Scheme 1.20 Regioselective de-O-methylation by Co2(CO)8/Et3SiH/CO system .........19
Scheme 1.21 Regioselective de-O-benzylation and de-O-p-methoxybenzylation..........20
Scheme 1.22 Regioselective de-O-benzylation using CrCl2/LiI.....................................20
Scheme 1.23 Regioselective de-O-benzylation of C-glycosylpropene...........................21
Scheme 1.24 Regioselective de-O-benzylation by catalytic hydrogen transfer..............22
Scheme 1.25 Acetolysis of the primary benzyl group with ZnCl2 in Ac2O/AcOH....... 22
Scheme 1.26 Acetolysis of the primary benzyl group with I2/PMHS/IPA.................... 23
Scheme 1.27 Regioselective mono-de-O-benzylation with radical activation............... 23
Scheme 1.28 Regioselective mono-de-O-benzylation with Co2(CO)8/Et3SiH/CO.........24
Scheme 1.29 Regioselective de-O-benzylation and proposed mechanism.................... 24
Scheme 1.30 Regioselective de-O-benzylation using I2/Et3SiH.................................... 25
Scheme 1.31 6-Detrimethylation of silylated sugar....................................................... 25
Scheme 1.32 Regioselective removal of PMB group..................................................... 26
Scheme 1.33 Regioselective deprotection of tert-butyldimethylsilyl ether with BCl3.. 26
Scheme 1.34 Regioselective deprotection of 1,2-O-isopropylidene.............................. 27
Scheme 1.35 Selective synthesis of monohydroxyl derivatives from acetonide sugars.27
Scheme 1.36 Regioselective opening of benzylidene acetals using LiAlH4-AlCl3........ 28
Scheme 1.37 Regioselective hydrogenolysis of different configurations of acetals...... 31
Scheme 1.38 Regioselective opening of 4-methoxybenzylidene acetals using LiAlH4AlCl3..........................................................................................................32

xv

Scheme 1.39 Regioselective reductive opening of benzylidene acetals using NaBH3CNHCl and the proposed mehcanism............................................................ 33
Scheme 1.40 Regioselective reductive opening of 4-methoxybenzylidene acetals using
NaBH3CN..................................................................................................33
Scheme 1.41 Solvent-dependent regioselective reductive ring openings of benzylidene
acetals........................................................................................................ 34
Scheme 1.42 Regioselective reductive opening of benzylidene acetals using BH3•NMe3Me2BBr..................................................................................................... 35
Scheme 1.43 Mechanistic proposal for reductive openings of 4,6-O-benzylidene
acetals........................................................................................................ 38
Scheme 1.44 Regioselective reductive opening of benzylidene acetals with silane
reagent....................................................................................................... 39
Scheme 1.45 Dual-purpose catalyst for highly regioselective reductive ring openings of
benzylidene acetals................................................................................... 39
Scheme 1.46 Regioselective ring opening reaction of the F17benzylidene acetal group
with Et3SiH-TFA or PhBCl2..................................................................... 40
Scheme 1.47 Mechanisms of the benzylidene ring opening...........................................41
Scheme 1.48 Stereochemistry of deuteride incorporation at the benzylic position........42
Scheme 1.49 Regioselective opening of benzylidene acetals with NBS.........................43
Scheme 1.50 Regioselective opening of benzylidene acetals with DIBAL....................44
Scheme 1.51 Photochemical conversion of benzylidene acetals of sugars.....................47
Scheme 1.52 Photochemical conversion of o-nitrobenzylidene benzylidene acetals.... 49
Scheme 1.53 Photochemical conversion of benzylidene acetals with ketones...............49
xvi

Scheme 1.54 Reductive cleavage of prop-2-enylidene acetals.......................................50
Scheme 1.55 Reductive cleavage of methoxyethylidene acetals....................................50
Scheme 1.56 Reductive cleavage of phenylsulfonylethylidene acetals..........................51
Scheme 1.57 Regioselective ring opening of 3,5-O-di-tert-butylsilylene.......................51
Scheme 1.58 Regioselective opening of cyclic carbonates through nucleophilic
addition......................................................................................................52
Scheme 1.59 Regioselective opening of anhydro groups................................................52
Scheme 1.60 Regioselective opening of epoxide rings...................................................53

CHAPTER 2
Scheme 2.1 Synthesis of 2-O-benzyl-3,4,6-tri-O-acyl OFox imidate 2.2…...............…78
Scheme 2.2 A concept of the regenerative glycosylation..........................……......……85

CHAPTER 3
Scheme 3.1 Previous methods for the synthesis of 2-OH glucose 3.2………........…..100
Scheme 3.2 The discovery of glycosyl nitrate intermediate 3.13…………………......105
Scheme 3.3 Synthesis of acetylated and benzoylated glucosyl nitrates 3.13 and 3.14.106
Scheme 3.4 A plausible reaction mechanism for the synthesis of 2-OH with silver
Nitrate........................................................................................................109

CHAPTER 4
Scheme 4.1 Proposed mechanism of the nitrate activation with lanthanides................132

xvii

LIST OF TABLES
CHAPTER 1
Table 1.1

Selective acetylation of methyl α-D-glucopyranoside 1.1.............................4

Table 1.2

Reductive openings of benzylidene and isopropylidene acetals of
hexapyranosides with BH3•THF and Bu2BOTf at 0 °C…………….……..36

Table 1.3

Reductive ring-opening reactions of 1,2-O-benzylidene or 1,2-O-pmethoxybenzylidene-α-D-glucopyranose derivatives with DIBAL...........45

Table 1.4

Reductive cleavage of benzylidene acetals by DIBAL with different stock
solution.........................................................................................................48

CHAPTER 2
Table 2.1

Investigation of the stereoselectivity of glycosidation of OFox donor 2.2.83

Table 2.2

Regenerative glycosidation of donor 2.1 with different acceptors in the
presence of TMSOTf……………………………………………..………86

CHAPTER 3
Table 3.1

The synthesis of selectively 2-O-esterified derivatives 3.15-3.18………111

CHAPTER 4
Table 4.1

The establishment and optimization of reaction conditions for the
glycosidation of per-benzoylated glucosyl donor 4.1 with glycosyl acceptor
4.2 …………………………………………………………………….…131

xviii

Table 4.2

Glycosidation of per-benzoylated glycosyl donors of the D-gluco, D-manno
and D-galacto series with various glycosyl acceptors …………….….…135

Table 4.3

Glycosidation of donors 4.20 and 4.25 with a non-participating benzyl
group at C-2 with various glycosyl acceptors in different solvents ….…149

CHAPTER 5
Table 5.1

Solvent screening of glycosylations with nitrate donor 5.1.......................160

Table 5.2

Glycosylations with 2-azido-3,4,6-tri-O-benzoyl-2-deoxy galactosyl nitrate
donor 5.4....................................................................................................161

Table 5.3

Glycosylations with 3,4,6-tri-O-benzylated galactosyl nitrate donor
5.10............................................................................................................163

xix

CHAPTER 1

Synthesis of carbohydrate building
blocks via regioselective
protection/deprotection strategies

Tinghua Wang | UMSL 2018 | Page 2

1.1. Introduction
Carbohydrates are the most abundant molecules among the four essential classes
of biomolecules that also include nucleic acids, lipids, and proteins. Unlike proteins and
nucleic acids, which follow template-driven synthetic pathways, there is no general route
to the synthesis of carbohydrates. Monosaccharides are polyhydroxylated molecules, and
regioselective protection and deprotection of specific hydroxyl groups over others
represents one of the major challenges in carbohydrate chemistry.1 During sequencing of
simple monosaccharides into larger oligomeric networks, most of the functional groups
need to be temporarily blocked by protecting groups. On the other hand, functional
groups involved in the coupling process need to be left unprotected or selectively
liberated. Therefore, it is significant to develop regioselective methods to simplify the
preparation of partially or differentially substituted synthetic intermediates. As a
consequence, regioselective protection and deprotection of carbohydrates has been a
vibrant area of research. Orthogonal or selectively removable protecting group
manipulations have been extensively employed in oligosaccharide synthesis.2 However,
these strategies require a specialized knowledge of various protecting groups, reaction
conditions for their installation and removal, and application strategies to different sugar
series.
Despite a significant progress in this area, and the availability of streamlining
one-pot processes,3 in a majority of the applications a large number of protecting group
manipulation steps are required to obtain the desired regioselectively substituted product.
While orthogonal, semi-orthogonal, or selectively removable protecting groups represent
a very important direction of carbohydrate synthesis, discussed herein in the synthesis of
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partially protected carbohydrates by manipulating only one type of a protecting group for
a given derivative. While some overlap with orthogonal protecting group strategies is
inevitable, a more comprehensive coverage of the topic is available in a number of
excellent recent reviews.2, 3c, 4 Two major focuses of this chapter are depicted in Scheme
1.1. The first focus is the protection of the unprotected starting material in the way that
only one (or two) hydroxyl groups remain unprotected. The second focus leads to the
formation of the same type of derivatives, but it rather involves regioselective partial
deprotection of uniformly protected compounds. Sometimes, we chose to discuss these
two major focus areas in application to differentially protected carbohydrates. These
examples include some new reactions that have only been applied to such molecules, but
in our opinion could also be generally relevant to the uniformly protected systems. The
application of partially protected building blocks is fundamental to oligosaccharide
synthesis. Mono- or di-hydroxylated building blocks can be utilized as glycosyl acceptors
or as key synthetic intermediates for further transformations.
Scheme 1.1. The overview of protecting group strategies described herein

1.2.

Relative reactivity of hydroxyl groups: early studies and basic considerations
In 1990, Hanessian and Kagotani performed the first attempted partial acetylation

of methyl α-D-glucopyranoside using zinc chloride.5 Compared with the control
experiment (Table 1.1, entry 1), the addition of zinc chloride enhanced the selectivity of
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C6 and C2 acetylation (entry 2). However, the overall reactions were still too sluggish
and impractical for mainstream carbohydrate synthesis.
Table 1.1 Selective acetylation of methyl α-D-glucopyranoside 1.1

Entry Additive

a

1.2

1.3

1.4

mono-Acb Total

1.5

1.6

1.7

1.8

8%

9%

28%

20%

12%

99%

-

-

99%

1

None

7% 7% 18%

2

ZnCl2a

4% 9% 21% trace 65% trace

1.0 equiv.; b mixture of monoacetylated regioisomers

Inherent difference in reactivity of various hydroxyl groups in carbohydrates have
been investigated to achieve selective protection.4d Primary hydroxyl groups are sterically
less hindered than their secondary and tertiary counterparts. In this case, bulky protecting
groups such as tert-butyldimethylsilyl, tert-butyldiphenylsilyl,6 triphenylmethyl (trityl)7
and pivaloyl8 can be used to selectively protect primary hydroxyl groups in the presence
of secondary ones. Steric hindrance can also be utilized to some extent to discriminate
between secondary hydroxyl groups. In addition to the steric hindrance, hydrogen bond
networks were also proposed as a driving force for the regioselective acetylation. When
Kurahashi et al. treated octyl α- and β-glucopyranosides with a sub-stoichiometric
amount of acetic anhydride in the presence of a catalytic amount of DMAP, 3-, 4- and 6nonoacetylated glucosides were obtained in a 2/2/1 ratio.9 Recently, Ren et al. described a
method for selective acetylation of glycosides using tetrabutylammonium acetate as
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catalyst.10 However, all these investigations of inherent reactivity differences and partial
protections of glycoside hydroxyl groups did not provide products with exclusive
regioselectivity.
In this respect, the introduction of more bulky ester groups was proven to be a
much more promising venue. Thus, a selective and high yielding double pivaloylation of
different sugar substrates using pivaloyl chloride has been described (Scheme 1.2).11
Equatorial hydroxyl groups adjacent to axial substituents were observed have higher
reactivity as they were more accessible than equatorial ones flanked by other equatorial
substituents. For compound 1.15, which does not have any axial hydroxyl groups,
selective protection occurred at the C6 and C3 positions to afford product 1.16.
Scheme 1.2. Selective double pivaloylation of pyranoside derivatives of different
sugar series
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1.3.

Synthesis of partially substituted building blocks by uniform regioselective

protection
This section is mainly focused on discussing those methods wherein the unprotected (or
polyol) starting material is regioselectively protected in the way that only one (or two)
hydroxyl groups remain unprotected

1.3.1. Esterification
Ester protecting groups are ubiquitous in carbohydrate chemistry because
acylation of the hydroxyl functions is such an efficient process in general that overall
poly-acylation proceeds reliably and in high yields. The common methods of
esterification utilize an acid chloride or an acid anhydride as the reagent in the presence
of pyridine and sometimes efficient nucleophilic catalysts such as DMAP or HOBt.12
Acylation provides the effective electronic deactivation of the nucleophilicity of
protected oxygens by conjugation. In general, esters are moderately stable under acidic
conditions (in the absence of water and other hydroxylated solvents) but are labile in the
presence of nucleophiles, particularly alkoxides, amines, organometallics, and hydride
transfer agents. Some acyl groups may undergo migration through a neighboring group
effect via the formation of the respective orthoester as an intermediate.13
Early studies by Williams and co-workers revealed general reactivity trends of
various hydroxyls. These studies also gave an appreciation that even similarly positioned
hydroxyls of different sugar series have different reactivities towards regioselective
protection. This, the order of reactivity towards benzoylation was determined to be : 2OH > 3-OH > 4-OH for D-gluco, 3-OH > 2-OH > 4-OH for D-manno, and 2-OH, 3-
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OH > 4-OH for the D-galacto series.14
In 1974, Williams and co-workers developed the synthesis of 1,2,3,6tetrabenzoates from α-D-glucopyranose in 37% yield using benzoyl chloride in anhydrous
pyridine at -35 ºC. Similar conditions gave 51% of 1,2,3,6-tetrabenzoates from α-Dmannopyranose.15 The synthesis of 1,2,3,6-tetrabenzoates from α-D-galactopyranose was
also described using benzoyl chloride in pyridine at low temperature.16
Scheme 1.3. Reagent-dependent poly-acetylation

More recently, mono-hydroxyl building blocks were synthesized by reagentdependent

regioselectively

controlled

poly-acetylation.17

For

methyl

β-D-

galactopyranoside 1.17, the use of Ac2O or AcCl as acetylating reagents lead to the
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formation of 2-OH compound 1.18 or 4-OH compound 1.19, respectively (Scheme 1.3).
For methyl β-D-glucopyranoside 1.20, either acetylating reagent gave 4-OH compound
1.21 as the major product. When treated with 3.3 equiv. of Ac2O in acetonitrile solvent,
both methyl α-D-glucopyranoside 1.1 and methyl α-D-mannopyranoside 1.10 gave the
corresponding 4-OH products in 90% yield.
In contrast, a very recent report describes selective benzoylations of α-Dgalactopyranosides 1.12, 1.26, 1.27 to produce 3-OH compounds 1.28-1.30 in good
yields of 61-67% (Scheme 1.4).18
Scheme 1.4. Regioselectivity of the benzoylation of unprotected galactopyranosides

Tin-mediated acylation was initially developed and used for monoacylations of
polyhydroxylated

compounds.19

More

recently,

Zhang

and

Wong

performed

regioselective polyacylation reactions of various sugars using an excess of BzCl and
BuSn2O at higher temperatures (70-100 ºC).20 The stannylene acetal 1.31 was
hypothesized to form as the intermediate for the reaction of methyl α-D-glucopyranoside
1.1 with O-2 coordinating with the anomeric methoxy and O-6 coordinating with the ring
oxygen, which 3-OH compound 1.32 in 91% yield (Scheme 1.5).
Regioselective acetylation can be achieved by using iodine with ether-protected
sugar derivatives.21 Upon the treatment of 3-O-benzyl glucose 1.33 with acetic anhydride
containing iodine at rt, 1,6-di-O-acetate 1.34 was obtained in 90% yield (Scheme 1.6).
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The reaction rate was improved at higher temperatures, but the regioselectivity was not
affected.
Scheme 1.5. Selective tribenzoylation of α-D-glucopyranoside

Many methods have been known to perform selective acetylation. Joseph et al.
developed a regioselective one-pot silylation and acetylation method to form a partially
acetylated sugar.22 After TMSOTf-catalyzed silylation of D-glucose 1.35 with HMDS,
followed by acetylation, 6-O-acetyl glucopyranose 1.36 was formed as the major product
via per-O-trimethylsilylated intermediate (Scheme 1.7). When per-O-TMS protected
sugar in a mixture of pyridine and acetic anhydride is treated with acetic acid,
regioselective exchange of TMS for acetate protecting groups occurs.23 This process was
termed as Regioselective Silyl Exchange Technology (ReSET). This method has been
applied to glucose,24 galactose, mannose, lactose,25 and sialic acids.26 Regiocontrol is
achieved by limiting the equivalents of acetic acid, varying thermal conditions and using
microwave assistance.
Scheme 1.6. Iodine-Promoted Regioselective Acylation
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Scheme 1.7. Streamlined one-pot regioselective acetylation of D-glucose

Besides the ReSET approach, many catalysts such as 1-acetylimidazole,27 C2symmetric chiral 4-pyrrolidinopyridine,28 copper(II),29 tetrabutylammonium acetate,30
Mitsunobu conditions,31 borinic acids,32 and cyanides33 can help to achieve regioselective
acylation. However, very few of them can protect free sugars in one step and leave only
one hydroxyl group free.
MoCl5 has been used as an effective catalyst for selective 3-acetylation of methyl
6-deoxyhexoses.34 Acetylation with Ac2O in the presence of catalytic MoCl5 produced 3O-acetyl

derivative

1.39

regioselectively

in

91%

yield

from

methyl

α-L-

rhamnopyranoside 1.38 (Scheme 1.8).
Scheme 1.8. Regioselective acetylation in the presence of catalytic MoCl5

The regioselective opening of stannylene acetals of carbohydrates with acylating
reagents is an effective way to acheive differentiation between cis-1,2- and 1,3-diol
pairs.35 Grindley and Thangarasa carried out regioselective benzoylation of the
dibutylstannylene derivative of the 1,3-diaxial diol in 1,6-anhydro-β-D-glucopyranose,36
which was inspired by Wanger et al.37 who applied this method to modification of
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nucleosides. Dibutylstannylene derivative 1.40 was treated with benzoyl chloride in
benzene at 10 ºC, which gave 74% of mono-O-benzoylated products in total. This
reaction was regioselective with the ratio of 4-O-benzoyl isomer 1.41 to 2-O-benzoyl
isomer 1.42 of 86/14 (Scheme 1.9a). When the same method was applied to benzylideneprotected glucoside 1.43 2-O-benzoylated product 1.44 was obtained regioselectively
(Scheme 1.9b).38 Regioselective tosylation and benzylation can also be achieved using
the same approach.
Scheme 1.9. Regioselective benzoylation via stannylene acetals

Becker and Galili prepared partially pivaloylated saccharides by using pivaloyl
chloride in the presence of pyridine.39 1,3,4,6-Tetra-O-pivaloyl derivative 1.48 was formed
in 59% yield as the major product resulting from the reaction of D-mannose 1.47 with
pivaloyl chloride in the presence of pyridine in chloroform at 35 ºC (Scheme 1.10a).
Alternatively, a similar reaction performed at -10 ºC produced a tetra-pivaloylated
product with the free 4-OH group.40 Regioselective pivaloylation of trichloroethyl
galactoside 1.49 using pivaloyl chloride in the presence of pyridine in dichloromethane
gave 4-OH product 1.50 in 64% yield (Scheme 1.10b).
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Scheme 1.10. Partial protection with pivaloyl groups

1.3.2.

Alkylation and silylation

Alkyl group protection is widely used in carbohydrate chemistry due to its
stability. Simple alkyl ethers such as methyl ethers are less preferred in complex
carbohydrate synthesis because they are too stable to be removed.12 Of the numerous
alkyl protecting groups known, the most important are the benzyl (Bn) and allyl (All)
groups and their derivatives.
Alkylations proceeding via tin intermediates is an important method to achieve
regioselectivity.41 Some tin-mediated alkylations allow for multiple protections such as
3,6-di-Bn42and 2,6-di-Bn.43 Recently, Vishwakarma and coworkers improved this method
by using catalytic amount of Me2SnCl2 and Ag2O as additives, which gave excellent 3-Obenzyl selectivity at rt (Scheme 1.11).44 Other metal catalysts such as copper(II),45
nickel(II),46 and iron(III)47 have also been used for regioselective alkylation. These
methods are primarily used for selective mono- and di-alkylation, the formation of
monohydroxylated products requires the introduction of other protecting groups, such as
benzylidene acetals.
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Scheme 1.11. Tin-mediated regioselective alkylation using Ag2O as an additive

Oshima et al. developed an alkylation method specific for the C-3 position using
cyclic phenylboronate in the presence of an amine.48 Chan and Taylor devised C-3
alkylation reaction using a diarylborinic acid derivative.49 Giordano and Iadonisi
developed another method for selective benzylation that is applicable to primary
hydroxyl group using stoichiometric amount of DIPEA and BnBr and catalytic amount of
TBAI.50
Halmos et al. investigated the regioselective silylation of galactopyranosides
using TBDMSCl and imidazole in the presence of DMF.51 For both the α- and β-anomer,
trisilylated compounds were formed as minor products (Scheme 1.12a). Schlaf and coworkers devised a silane alcoholysis method for selective trisilylation using
homogeneous metal catalysts.52 High selectivity of 2,3,6-tri-O-tert-butyldimethylsilyl
galactoside was obtained from methyl α-D-galactoside in the presence of Ir(I) catalyst.
Scheme 1.12. Regioselective trisilylation
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1.3.3. Protection with cyclic groups
Cyclic acetals and ketals have been widely used for the protection of various diol
systems in synthetic carbohydrate chemistry.53 The installation of multiple acetal/ketal
groups in a single monosaccharide unit is commonly used for polyols or alditols. 54
Although the double protection using cyclic acetals/ketals would have been a very
effective method to obtain building blocks containing only one hydroxyl group in
hexoses it remains fairly rare beyond diacetone glucofuranose (3-OH) and
galactopyranose (6-OH). Thus, Rokade and Bhate devised a simple and convenient
large-scale method for the synthesis of di-O-isopropylidene protected sugars by using
deep eutectic solvent (DES) prepared from choline chloride and malonic acid.55 DGlucose 1.35 can be directly converted to 1,2:5,6-di-O-isopropylidene-α-D-glucofuranose
1.56 in 90% yield whereas D-galactose 1.57 can be converted into 1,2:3,4-di-Oisopropylidene-α-D-galactopyranose 1.58 in 92% yield (Scheme 1.13).
Scheme 1.13. Double ketalization of unprotected hexoses

D-Fructose 1.59 can also be protected as 2,3:4,5-di-O-isopropylidene-β-D-

fructopyranose 1.60 using this method in 89% yield. In case of D-mannose, 2,3:5,6-di-O-
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isopropylidene-α/β-D-mannofuranose with the unprotected anomeric hemiacetal was
formed. All these building blocks represent regioselectively protected compounds that
have only one hydroxyl group. Hence, these can be used as glycosyl acceptors or
intermediates for the further protection directly. In addition, one ketal is typically less
stable than another, which offers a convenient opportunity for further diversification.56
The double protection using benzylidene acetal is much less explored. In one such
application, 1,2:3,4-di-O-benzylidene-D-galactopyranose could be synthesized from Dgalactose using benzaldehyde and ZnCl2.57 1,2:4,6-Di-O-benzylidene-α-D-glucopyranose
was obtained as an unexpected by-product.58

1.4.

Synthesis of partially substituted building blocks by regioselective

deprotection
In addition to protection strategies, partially substituted derivatives can be obtained by
regioselective deprotection of fully substituted precursors.
1.4.1. Saponification (transesterification) and ester migration
Ren and co-workers carried out selective deprotections of primary acetyl ester in
nucleosides and carbohydrates in the presence of 1% iodine solution in methanol (w/v).59
As depicted in Scheme 1.14, when 2-phthalimido, 2-O-acetyl and 2-azido glucosides
1.61-1.63 were treated with 1% iodine–methanol solution at 70 ºC for 5.5 h, 6-OH
products 1.64-1.66 were obtained in 42.8%, 38%, 41% yield, respectively. The
electrophilic attack of iodine on the oxygen atom of the primary acetate is more favorable
than that of the secondary acetates, presumably due to the steric hindrance of secondary
positions.
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Scheme 1.14. Selective deacetylation of glucosides

In 1990, Haines et al. reported that a primary amine can be used for selective
deacetylation of sucrose.60 Fully acetylated sucrose 1.67 was treated with propylamine at
rt for 50 min to give diol 1.68 in 22% yield (Scheme 1.15). Isopropylamine was also
investigated but gave even lower yields.
Scheme 1.15. Selective deacetylation of sucrose

Acyl group migration has been proven to be a useful approach to obtain partially
substituted building blocks for oligosaccharide synthesis.61 In 1962, Helferich and
Zirner62 synthesized 1,3,4,6-tetra-O-acetyl-α-D-glucopyranose 1.67 from D-glucose 1.35
via a three-step in-situ procedure. This synthesis requires strict control of the reaction
temperature and reactant addition and still gives only 27% overall yield (Scheme 1.16a).
A few years later, Chittenden reported a simplified method for the synthesis of 1,3,4,6tetra-O-acetyl-α-D-galactopyranose using trifluoroacetic acid-water solution.63 1,2,3,4,6penta-O-acetyl-β-D-galactopyranose 1.68 was treated with aqueous trifluoroacetic acid at
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rt for 5 h to give 1,3,4,6-tetra-O-acetyl-α-D-galactopyranose 1.69 in 72% yield (Scheme
1.16b). The α-anomer of D-galactopyranose/glucopyranose pentaacetate is unreactive
under these reaction conditions. When 1,2,3,4,6-penta-O-acetyl-β-D-glucopyranose was
treated under the same reaction conditions, only 2,3,4,6-tetra-O-acetyl-D-glucopyranose
was produced as the major product.
Recently, Demchenko et al. reinvestigated the synthesis of 2-OH glucose.64 When
acetobromoglucose 1.70 was treated with cerium(IV) ammonium nitrate (CAN) 2-OH
glucose 1.67 was obtained in 51% yield (Scheme 1.16c). This procedure was recently
further improved by using AgNO3 as the additive and glycosyl nitrates were found to be
intermediates in this reaction.65 AgNO3 is able to convert glycosyl bromide 1.70 to
glycosyl nitrate 1.71 in 77% yield within 5 min. Subsequently, 2-OH glucose 1.67
formed by re-dissolving compound 1.71 in wet MeCN (Scheme 1.16d). The isolation of
glycosyl nitrate 1.71 suppressed the formation of by-product 2,3,4,6-tetra-O-acetyl-Dglucopyranose.
Scheme 1.16. The synthesis of 2-OH derivatives via acetyl group migration

Tinghua Wang | UMSL 2018 | Page 18

Hanessian and Kagotani found that lithium hydroperoxide could be used to
remove the 2-O-acetyl group regioselectively from methyl 2,3,4,6-tetra-O-acetyl-α-Dglycoside 1.72 to afford 2-OH product 1.73 in 50% yield (Scheme 1.17).5 For penta-Oacetyl-D-glycoside, lithium hydroperoxide removed the acetyl group at C-2 position as
well as at the anomeric position.
Scheme 1.17. Selective deacetylation with lithium hydroperoxide

Hydrazine hydrate can also be used for selective deacetylation at C-2 position.66
On the treatment of methyl or allyl 2,3,4,6-tetra-O-acetyl-α/β-D-glycosides 1.72, 1.74 and
1.76 gave the corresponding 2-OH products 1.73, 1.75 and 1.77 in moderate yields of 4649% (Scheme 1.18).
Scheme 1.18. Selective deacetylation with hydrazine hydrate

When a bismuth(III) salt was used for allylation of per-O-acetyl glucosyl iodide
1.79, the corresponding 2-OH allyl glucoside 1.80 was formed as the major product in 57%
yield instead of the anticipated tetrs-O-acetylated product (Scheme 1.19).67 An allylated
orthoester intermediate was suggested to form during the bismuth(III) activation step.
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Scheme 1.19. The synthesis of 2-OH derivative 1.80 via bismuth(III)-promoted
activation of glycosyl iodide 1.79

1.4.2. Removal of ether protecting groups
Li and co-workers developed a novel method for regioselective removal of methyl
ether protecting groups using Co2(CO)8/Et3SiH/CO system followed by silyl group
deprotection and acetylation.68 For per-O-methylated glucoside 1.81, primary methyl
group was removed selectively and 6-O-acetyl product was formed in 52% yield over
three steps as the major product (Scheme 1.20). 3,6-Di-O-acetyl compound was also
formed as a minor side-product.
Scheme 1.20. Regioselective de-O-methylation with Co2(CO)8/Et3SiH/CO system

The regioselective de-O-benzylations of poly-O-benzylated monosaccharides with
SnCl4 and TiCl4 was developed by Hiro and co-workers.69 1,6-Anhydro-2,3,4-tri-Obenzyl-β-D-mannopyranose 1.83 was treated with SnCl4 or TiCl4, respectively. 2-OH
derivative 1.84 was formed as the major product in both cases (Scheme 1.21a). Spectral
studies showed the evidence of the formation of the metal-sugar complexes, thus
requiring three appropriately situated alkoxyl groups for the selective de-O-benzylation.
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Kartha and co-workers explored a possibility for regioselective de-O-pmethoxybenzylation using SnCl4 at low temperature.70 When di-O-PMB derivative 1.86
was treated with SnCl4 (0.25 mmol) in CH2Cl2 at -20 ºC for 8 min, 2-O-PMB group was
removed and mono-O-PMB ether 1.88 was obtained in 70% yield (Scheme 1.21b). The
initial preferential removal of the 2-O-PMB group in 1.86 was rationalized by the
formation of a tin complex 1.87 as an intermediate.
Scheme 1.21. Regioselective de-O-benzylation and de-O-p-methoxybenzylation

Regioselective de-O-benzylation of poly-benzylated sugars can also be performed
with CrCl2/LiI in moist EtOAc.71 Treatment of 3,5,6-tri-O-benzyl-1,2-O-isopropylideneα-D-glucofuranose 1.89 with CrCl2 and LiI at 75 °C for 12 h gave 5-OH product 1.90 in
83% yield (Scheme 1.22).
Scheme 1.22. Regioselective de-O-benzylation using CrCl2/LiI

Intramolecular activation of per-benzylated C-glycosides to affect regioselective
deprotection can be carried out in the presence of iodine which leads to unexpected but
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highly selective C-2 debenzylation reaction.72 Allyl C-glucoside 1.91 was treated with
iodine to form the epi-iodonium intermediate leading to the loss of the benzyl group that
departs as benzyl iodide (Scheme 1.23a). Reductive elimination of 1.92 was performed to
afford 2-OH product 1.93, which was used as a precursor for the synthesis of Cglycosides of mannosamine.
Scheme 1.23. Regioselective de-O-benzylation of C-glycosylpropene

Boron trichloride (BCl3) has been developed as a promoter to achieve selective
deprotection of 1,2- or 1,3-cis oriented secondary benzyl ethers of poly-benzylated Cglycosyl derivatives.73 The ease of cleavage follows the order: C-4 ≥ C-2 > C-6 > C-3 for
C-glucopyranosyl derivatives and C-3 ≥ C-4 > C-6 > C-2 for C-galactopyranosyl
derivatives. When β-C-vinyl D-glucosyl derivative 1.94 was treated with 2.5 equiv. of
BCl3 at -78 ºC for 1 h followed by acetylation, 4-O-acetyl derivative 1.95 was formed in
36% yield over two steps (Scheme 1.23b).
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Catalytic transfer hydrogenation (CTH) can be performed using HCO2NH4 and
Pd/C catalyst to selectively remove 2-O-benzyl groups in derivatives of D-glucose, Dmannose, and D-galactose.74 Compound 1.96 was treated with HCOONH4 and Pd/C in
MeOH at 70 ºC to give 2-OH derivative 1.97 in 84% yield (Scheme 1.24).
Scheme 1.24. Regioselective de-O-benzylation by catalytic hydrogen transfer

Freshly fused ZnCl2 in Ac2O/AcOH at room temperature has been used for the
acetolysis of 6-O-benzyl groups in mono- and disaccharide derivatives.75 Per-benzylated
mannoside 1.98 was treated with ZnCl2 in Ac2O/AcOH for 2 h, which gives 6-O-acetyl
product 1.99 in 85% yield (Scheme 1.25).
Scheme 1.25. Acetolysis of the primary benzyl group with ZnCl2 in Ac2O/AcOH

The same reaction can be achieved by iodine- or iodine/silane-promoted
regioselective acetolysis of benzyl ethers with isopropenyl acetate (IPA).76 When a
premixed solution of iodine and polymethylhydrosiloxane (PMHS) in dichloromethane
was used followed by the addition of IPA as the acetylating reagent, 6-O-acetyl
compound 1.99 was formed from per-O-benzylated mannoside 1.98 in 80% yield
(Scheme 1.26).
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Scheme 1.26. Acetolysis of the primary benzyl group with I2/PMHS/IPA

An interesting reaction proceeding via a xanthate-mediated intramolecular 1,7hydrogen atom transfer of a benzylic hydrogen atom to an O-silylmethylene radical was
found capable of initiating the regioselective mono-de-O-benzylation of benzylated
saccharides.77 This method can be applied to a variety of substrates and gave moderate to
good yields (Scheme 1.27). Xanthate 1.100 was treated with dilauroyl peroxide, followed
by acid and TBAF in refluxing 1,2-dichloroethane to give diol 1.101 in 75% yield. The
reaction terminates by an ionic mechanism and is general for benzylated substrates
having a variety of functional groups.
Scheme 1.27. Regioselective mono-de-O-benzylation with radical activation

Li and co-workers developed a highly efficient and mild method for
regioselective de-O-benzylation by transforming primary benzyl ethers to silyl ethers
using Co2(CO)8-Et3SiH under 1 atm of CO.78 Per-O-benzylated mannoside 1.98 was
treated with Co2(CO)8/Et3SiH/CO conditions to give 6-O-triethylsilyl compound 1.102 in
92% yield (Scheme 1.28). This method was also successfully applied to various
monosaccharide substrates with different anomeric protecting groups, as well as natural
disaccharides and trisaccharides such as sucrose, raffinose, and melezitose.
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Scheme 1.28. Regioselective mono-de-O-benzylation with Co2(CO)8/Et3SiH/CO

Lecourt and co-workers developed a method for regioselective de-O-benzylation
of polybenzylated sugars using a large access of triisobutylaluminium (TIBAL) or
diisobutylaluminium hydride (DIBAL-H).79 Treatment of per-benzylated glucoside 1.103
with 5 equiv. of TIBAL in toluene at 50 ºC led to 2-O-debenzylated product 1.104 in
98% yield (Scheme 1.29a). For the reaction to occur, a 1,2-cis arrangement of adjacent
oxygen atoms is required to form a chelation complex with the first mole of the
aluminum reagent leading to either a highly fluxional complex A or a pentacoordinate
complex B (Scheme 1.29b). The second mole of the reagent then induces the
regioselectivity of the de-alkylation by coordinating preferentially to one of the oxygen
atoms of the selected pair.
Scheme 1.29. Regioselective de-O-benzylation and proposed mechanism
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Iadonisi and co-workers developed a new method for regioselective Odebenzylation using I2/Et3SiH at low temperature.80 The regioselectivity is dependent on
the nature of the precursor and the most sterically hindered position is often deprotected.
For all monosaccharides investigated, 4-O-benzyl ether was removed selectively whereas
for disaccharide 1.105, the 3-O-benzyl group was removed with excellent selectivity and
yield to produce compound 1.106 (Scheme 1.30).
Scheme 1.30. Regioselective de-O-benzylation using I2/Et3SiH

Cui et al. developed a method to selectively remove a primary trimethylsilyl
(TMS) group of per-O-TMS protected carbohydrates using ammonium acetate
(NH4OAc).81 On the treatment of the per-O-TMS protected glucoside 1.107 with 2 equiv.
of NH4OAc the corresponding 6-OH product 1.108 was obtained in 91% yield (Scheme
1.31). Various monosaccharides and disaccharides were investigated under these reaction
conditions giving the desired products in excellent yields. When the precursor had no
primary TMS group, no reaction occurred under these reaction conditions.
Scheme 1.31. 6-Detrimethylsilylation or silylated sugars

Regioselective removal of p-methoxybenzyl (PMB) group at the C-5 position for
hexafuranose and pentafuranose derivatives was achieved using a catalytic amount of tin
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chloride dihydrate (SnCl2-2H2O) or 0.5-10% solution of trifluoroacetic acid (TFA) in
dichloromethane in good yields.82 For tri-O-PMB protected glucofuranose 1.109, the 5O-PMB group could be removed selectively using a 0.5% solution of TFA in CH2Cl2 to
form the 5-OH product 1.110 in 80% yield (Scheme 1.32).
Scheme 1.32. Regioselective removal of PMB group

A new method of deprotecting a primary tert-butyldimethylsilyl (TBDMS) group
of fully O-TBDMS protected monosaccharides by using boron trichloride (BCl3) was
devised.83 Fully O-TBDMS protected benzyl mannoside 1.111 was treated with BCl3 at
25 ̊C for 2.8 h and gave 81% of the 6-OH product 1.112 (Scheme 1.33). The TBDMS
group was also observed to migrate from the C-6 to C-4 position of glucosides under
typical basic benzylation conditions.84
Scheme 1.33. Regioselective deprotection of tert-butyldimethylsilyl ether with BCl3

1.4.3. Selective removal and opening of cyclic protecting groups
An 1,2-O-isopropylidene group can be removed selectively over an 3,4-Oisopropylidene acetal in a di-O-isopropylidene protected pyranoside systems.56 Di-Oacetate 1.114 was obtained in 78% yield from the di-O-isopropylidene protected
pyranoside 1.113 in the presence of TFA and acetic anhydride (Scheme 1.34).
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Scheme 1.34. Regioselective deprotection of 1,2-O-isopropylidene

In 1994, Chen and coworkers reported that di-acetonide glucose derivative 1.115
can be reductively opened to produce mono-hydroxyl derivatives with high
regioselectivity using MeMgI.85 When di-acetonide glucose 1.115 was treated with 4
equiv. of MeMgI in benzene at 60 ºC for 1 h, the corresponding 2-OH derivative 1.116
was formed in 95% yield (Scheme 1.35a). In a similar fashion, treatment of compound
1.117 with MeMgI afforded 1.118 exclusively in 68% yield (Scheme 1.35b). The 4-OH
product 1.20 was obtained in 52% yield from the reaction of compound 1.119 under the
same condition (Scheme 1.35c). Presumably, the chelation of the Grignard reagent with
the methoxy group at C-6 controls the regioselectivity.
Scheme 1.35. Selective synthesis of monohydroxyl derivatives from acetonide sugars
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Cyclic acetals are important protecting groups in carbohydrate chemistry and they
are able to be opened selectively to form mono hydroxyl products. The method to acheive
regioselective hydrogenolysis of cyclic acetals of aldose and aldosides using LiAlH4AlCl3 were summarized by Gelas.86 In 1969, Bhattacharjee and Gorin applied the mixed
hydrides in the reduction of carbohydrate series for the first time.87 One molar equivalent
of LiAlH4-AlCl3 (1/1) was used for the reduction of hexafuranose and hexapyranose
acetals. After 40 h, 6-OH derivative 1.122 was obtained in 64% yield from methyl 2,3-diO-benzyl-4,6-O-benzylidene-β-D-glucopyranoside 1.121 (Scheme 1.36a). The 2-hydroxy
derivative 1.124 was obtained in 56% yield from methyl 2,3:4,6-di-O-benzylidene-αmannopyranoside 1.123 in 3.5 h when 2 equivalents of LiAlH4-AlCl3 (1/1) mixture was
used. The formation of trace amounts of the 3-OH side product 1.125 was also noted
(Scheme 1.36b). A similar cleavage of the 2,3-O-benzylidene group was also observed
with the mannofuranoside derivative 1.126 leading to the formation of the 2-O-benzyl
derivative 1.127 as the major product (Scheme 1.36c).88
Scheme 1.36. Regioselective opening of benzylidene acetals using LiAlH4-AlCl3

The LiAlH4-AlCl3 method was extended to orthoesters, which gave acetals. The
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latter can be cleaved with an excess of LiAlH4-AlCl3 mixtures to produce alkoxy
derivatives.89 The application of these conditions to benzylidene acetals in the 2-amino-2deoxy α-D-gluco90 and 2-amino-2-deoxy α-D-galacto series91 were also successful.
The study of the factors that orient the cleavage of a 4,6-O-benzylidene group
undertaken by Lipták and co-workers showed that the direction of the cleavage of the
benzylidene ring is determined by the bulkiness of the protecting group at C-3.92
Substitution at C-3 with a group less bulky than benzyl favors the formation of 6-Obenzyl derivatives. However, the direction of cleavage is not dependent on the anomeric
configuration, substitution at C-2, or the character of the aglycon moiety. The
regioselective hydrogenolysis of benzylidene with LiAlH4-AlCl3 was applied to certain
disaccharides: the 4',6'-O-benzylidene derivatives of benzyl β-cellobioside, -maltoside,
and –allolactoside, giving only the corresponding 4-O-benzyl derivatives in yields of 55,
78, and 90%, respectively.93 In the case of the hydrogenolysis benzyl penta-O-benzy4’,6’-O-benzylidene-β-lactoside, 6- and 4-O-benzyl isomers were formed in a 5:1 ratio.
Hydrogenolysis of benzyl 3-O-benzyl-4,6-O-benzylidene-2-O-(2,3,4,6-tetra-O-benzyl-βD-galactopyranosyl)-β-D-galactopyranoside

was also shown to give the corresponding 4-

O-benzyl derivatives in 79% yield.94
The hydrogenolysis of 4,6-O-benzylidene acetals using LiAlH4-AlCl3 was
extended to 2- and 3-O-allyl protected β-D-hexapyranoside derivatives. Benzyl 4-Obenzyl-β-D-glucopyranoside was obtained by reduction of benzyl 2,3-di-O-allyl-4-Obenzyl-6-D-glucopyranoside, followed by the deprotection of allyl groups at C-2 and C-3
in 44% overall yield.95 Benzyl 4-O-benzyl-α-D-mannopyranoside and benzyl 4-Obenzyl-β-D-galactopyranoside were prepared in 41% and 15% yield, respectively, in the
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same fashion.
Besides the factors mentioned above, a strong regioselectivity of the
hydrogenolysis depends on the stereochemistry of acetals that were observed. In the case
of 3,4-O-benzylidene-D-arabino-, D-galacto-, and D-fucopyranoside series, the exoisomer starting materials exo-1.128, exo-1.131 and exo-1.132 afforded the axial 4hydroxyl-equitorial-3-O-benzyl derivatives 1.129, 1.133 and 1.135 because the reducing
agent attacks the axial oxygen atom (O-4, Scheme 1.37a and b).96 While the endo isomers
endo-1.128, endo-1.131 and endo-1.132 tend to afford the 3-OH derivatives 1.130, 1.134
and 1.136.
A series of benzyl L-rhamnopyranosides was used as starting materials to
investigate the regioselectivity of the hydrogenolysis of 2,3-O-benzylidene acetals of
hexapyranosides.97 3-O-Benzyl derivatives 1.138 and 1.141 were favored by the
hydrogenolysis of

exo-isomers exo-1.137 and exo-1.140, respectively because the

reagent mainly attacks the axial oxygen atom. This reaction yields the products
containing axial hydroxyl and equatorial O-benzyl groups (Scheme 1.37c). For endo1.137, the 2-O-benzyl derivative 1.139 was favored because mainly the equatorial oxygen
atom is attacked, giving compounds containing equatorial hydroxyl and axial O-benzyl
groups.
Lipták and co-workers repeated the hydrogenolysis of compound 1.123 by
hydrogenating the exo- and endo-1.123 isomers separately. The reaction with exo-1.123
gave 1.124 and 1.125 with 67% overall yield and the respective product ratio of 96:4.
From the endo-1.123 products 1.124 and 1.125 were obtained in 46% combined yield in
the ratio of 22:79.98 This rule was extended to the hydrogenation of disaccharide exo-
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1.143 that produced the corresponding 3-O-benzyl derivative 1.144 (Scheme 1.37d).99
Scheme 1.37. Regioselective hydrogenolysis of different configurations of acetals

4-Methoxybenzylidene acetals can be selectively opened by LiAlH4-AlCl3 in a
similar fashion as benzylidene acetals. Joniak and co-workers confirmed that the
reduction

of

methyl

4,6-O-(4-methoxybenzylidene)-2,3-di-O-methyl-α-D-

glucopyranoside 1.145 yielded the corresponding methyl 4-O-(p-methoxybenzyl)
derivative 1.146 in 92% yield (Scheme 1.38).100
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Scheme 1.38. Regioselective opening of 4-methoxybenzylidene acetals using
LiAlH4-AlCl3

Garegg et al. discovered that reductive opening of 4,6-O-benzylidene acetals of
hexapyranosides using NaBH3CN-HCl gave different regioselectivity as LiAlH4-AlCl3,
yielding 6-O-benzyl product 4,6-O-benzylidene acetals.101 6-O-Benzyl derivatives 1.150,
1.151 and 1.152 were obtained from the reductive cleavage of the starting materials
1.147, 1.148 and 1.149 in 81%, 95% and 60% yield, respectively (Scheme 1.39a). This
may be explained by steric factors. When a reducing agent with a greater steric demand
like LiAlH4-AlCl3 is used, the reductive opening reaction tends to take path (a),
particularly if the O-4 substituent is bulky. When NaBH3CN-HCl is used, the steric
requirement of the electrophile is much smaller and the direction of the equilibrium is
governed mainly by the relative acidities of O-4 and O-6, and path (b) is considered to be
preponderant (Scheme 1.39b). However, for the opening of the 2,3-dioxolane ring of Lrhamnopyranoside and D-glucoside, NaBH3CN-HCtel gives similar results as LiAlH4AlCl3. Marra et al.102 used the same method to hydrogenate methyl 2-azido-4,6-Obenzylidene-2-deoxy-3-O-(methyl

2,3,4-tri-O-acetyl-α-L-idopyranosyluronate)-β-D-

galactopyranoside 1.153 to the corresponding 4-OH derivative 1.154 in 70% yield
(Scheme 1.39c).
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Scheme 1.39. Regioselective reductive opening of benzylidene acetals using
NaBH3CN-HCl and the proposed mechanism

4-Methoxybenzylidene acetals of hexapyranosides can be selectively opened in a
similar fashion to benzylidene acetals. Johansson and Samuelsson found that the 4,6-O(4-methoxybenzylidene) compound 1.155 can be regioselectively cleaved to the 6-O-(4methoxybenzyl) derivative 1.156 with NaCNBH3-TFA in DMF or cleaved to the 4-O-(4methoxybenzyl) derivative 1.157 with NaCNBH3-TMSCl in CH3CN (Scheme 1.40).103
Scheme 1.40. Regioselective reductive opening of 4-methoxybenzylidene acetals
using NaBH3CN
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The borane-amine complex/Lewis acid combination has also been reported as an
effective and solvent dependent method to cleave 4,6-O-benzylidene acetals
regioselectively. The regioselectivities of reductive ring openings of 4,6-O-benzylidene
acetals of hexapyranosides using BH3•Me3N-AlCl3 were reported by Ek and coworkers in
1983.104 For the 4,6-O-benzylidene glycosides 1.147 and 1.158, when toluene is used as
the solvent, 4-O-benzyl products 1.159 and 1.160 are obtained. When THF is used as
solvent, 6-O-benzyl products 1.150 and 1.161 are obtained (Scheme 1.41a). Oikawa et al.
used BH3•Me2NH/BF3•OEt2 to perform a regioselective reductive opening of the 4,6-Obenzylidene acetals.105 When the reaction with compound 1.162 was carried out in
CH2Cl2, the 4-O-benzyl product 1.163 was regioselectively obtained in 72% yield.
Conversely, when the reaction was performed in CH3CN, it provided the 6-O-benzyl
product 1.164 that in an isolated yield of 79% (Scheme 1.41b).
Scheme 1.41. Solvent-dependent regioselective reductive ring openings of
benzylidene acetals
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Ghosh and co-workers applied Guindon’s106 method to afford regioselective
reductive opening of 4,6-O-benzylidene acetals of the allyl 2-acetamido glucoside 1.165
with BH3•NMe3-Me2BBr at -78 °C.107 90% of the 4-O-benzyl product 1.166 was
obtained without affecting other protecting groups (Scheme 1.42). Although Me2BBr has
similar steric environments compared to AlCl3 and BF3•Et2O, moderate acidity of
Me2BBr proved optimal for preferential coordination to the least hindered primary O-6 of
the benzylidene acetal prior to opening of the acetal. This explains the high
regioselectivity of the process in the presence of the BH3•NMe3-Me2BBr reagent system.
The BH3•NMe3 complex, as a stable and modest hydride source, led to the subsequent
reduction process. This procedure turned out to be very mild to surrounding
functionalities and was used to achieve gram scale synthesis of 1.166.
Scheme 1.42. Regioselective reductive opening of benzylidene acetals using
BH3•NMe3-Me2BBr

BH3•THF-Bu2BOTf is another mild and effective reagent for the regioselective
reductive ring opening of 4,6-O-benzylidene acetals of hexapyranosides to give the
corresponding 4-O-benzyl derivatives.108 Methyl 2,3-di-O-pivaloyl-4,6-O-benzylidene-αD-glucopyranoside

was reduced to the 4-O-benzyl ether without effecting the pivaloyl

protecting group in 88% yield (Table 1.2, entry 1). Similarly, acetyl and tbutyldimethylsilyl groups are compatible to the reaction conditions (entry 2). Similar
regioselectivity of reductive opening of acetal groups was obtained from galactoside
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starting materials as from glucosides (entry 3). This reagent system is also effective in the
reductive ring opening of 2,3-O-benzylidene dioxolanes of mannosides. The exo-isomer
gave regioselectively the 3-O-benzyl ether whereas the endo isomer gave the 2-O-benzyl
ether regioselectively.
Table 1.2 Reductive openings of benzylidene and isopropylidene acetals of
hexapyranosides with BH3•THF and Bu2BOTf at 0 °C.

Isolated Yield
Entry

Substrate

Reduced Product

Acetylated Product
(%)

1

88

2

81

3

90

Johnsson and co-workers performed a series of kinetic and mechanistic studies of
reductive openings of benzylidene acetals.109 Methyl 2,3-di-O-benzyl-4,6-O-benzylideneα-D-glucopyranoside has been investigated as the model compound. From kinetic
experiments,

11

B NMR spectroscopy, and Hammett plots, they found that BH3•NMe3 is

activated by AlCl3 to generate BH3 as the most electrophilic species. Thus, the
regioselectivity is directed by the addition of borane to the most basic acetal oxygen,
yielding 6-O-benzyl compounds, which follow higher order kinetics (Scheme 1.43a, Path
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B).109a, 109b In contrast, BH3•THF is not activated by the Lewis acid AlCl3 and hence the
regioselectivity is directed by association of AlCl3 to the same acetal oxygen, giving the
opposite 4-O-benzyl product, which follow first order kinetics (Scheme 1.43a, Path A). In
2010, Johnsson and co-workers performed competitive isotopic studies aiming at primary
and secondary isotope effects, as well as an electron-deficient substrate to decipher the
mechanism of regioselective openings using a variety of reducing agents.109c Three
distinctly different mechanistic pathways were proposed. In the case of inactivated
boranes and alanes (e.g., BH3•THF or LiAlH4), the regioselectivity is directed by the
complexation of the Lewis acid (e.g. AlCl3) with the most electron-rich oxygen of the
acetal to give the free 6-OH product. In nonpolar solvents (e.g. toluene), the acetal is
activated by the very reactive naked Lewis acid to give a fully developed oxocarbenium
ion, resulting in low stereoselectivity (Scheme 1.43b, Path A). In THF, the reactivity of
the Lewis acid is moderated by complex formation with the solvent, thus resulting in high
stereoselectivity through the formation of an intimate ion pair (Scheme 1.43b, Path B). In
contrast, activation of boranes (e.g., BH3•NMe3) using Lewis or Brønsted acids results in
the borane being the most electrophilic species that will form an initial complex with the
most electron-rich oxygen of the acetal, yielding the free 4-OH product (Scheme 1.43b,
Path C). The stereoselectivity of these reactions is relatively low since they proceed
through an oxacarbenium ion. Wang et al. developed a metal trifluoromethanesulfonatecatalyzed regioselective BH3-reductive ring opening of the 4,6-O-benzylidene-Dhexopyranosides to the corresponding 4-O-benzyl derivatives in excellent yields at room
temperature.110 V(O)(OTf)2, Sc(OTf)3, Pr(OTf)3, Nd(OTf)3, Sm(OTf)3, Er(OTf)3 and
Gd(OTf)3 were investigated and all gave excellent yields.
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Scheme 1.43. Mechanistic proposal for reductive openings of 4,6-O-benzylidene
acetals
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Silane-acid systems are effective reagents to regioselectively open 4,6-Obenzylidene acetals to the corresponding 6-O-benzyl derivatives. The 6-O-benzyl
glucoside 1.150 can be obtained from Methyl α-D-glucoside 1.147 using Et3SiH-TFA111
or Et3SiH-BF3·Et2O112 in CH2Cl2 in 81% and 83% yield, respectively (Scheme 1.44). 4,6Di-O-benzylidene acetals of mannose, glucosamine, and galactose were also compatible
with these conditions.
Scheme 1.44. Regioselective reductive opening of benzylidene acetals with a silane
reagent

Cu(OTf)2 was used as an efficient and dual-purpose catalyst for the highly
regioselective reductive ring openings of benzylidene acetals with either BH3 or
Me2EtSiH.113 Reductive ring openings of 4,6-O-benzylidene acetals of compound 1.167
using BH3 and Cu(OTf)2 resulted in the corresponding 4-O-benzyl product 1.168
(Scheme 1.45). Conversely, the use of Me2EtSiH in the presence of Cu(OTf)2 resulted in
the corresponding 6-O-benzyl product 1.169. Isotope studies confirmed that both modes
of ring cleavage proceed by an SN1 reaction pathway when borane or silane attack the
acetal carbon center.
Scheme 1.45. Dual-purpose catalyst for highly regioselective reductive ring openings
of benzylidene acetals
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Kojima et al. developed a new fluorous benzylidene acetal protecting group of
carbohydrates which can be reductively opened to the corresponding 6-O-F17benzyl or to
4-O-F17benzyl derivatives regioselectively.114 In the presence of Et3SiH, when TFA was
used as an acid, the acetylated compound 1.170 was converted into the corresponding 6O-F17benzyl-4-O-OH derivative 1.171 in 98% yield (Scheme 1.46). When using PhBCl2
as a Lewis acid, 96% 4-O-F17benzyl-6-O-OH product 1.173 was obtained from the
benzylated starting material 1.172. The fluorous compounds were readily separated from
non-fluorous by-products by fluorous solid phase extraction (FSPE).
Scheme 1.46. Regioselective ring opening reaction of the F17benzylidene acetal group
with Et3SiH-TFA or PhBCl2.

Et3SiH and I2 were developed as novel reactants to regioselectively open 4,6-Obenzylidene acetals to the corresponding 6-O-benzyl-4-O-OH derivatives.115 This
reaction was faster than Et3SiH-TFA and Et3SiH-BF3•Et2O, compatible with most of the
functional groups encountered in the oligosaccharide synthesis, and yields were excellent.
The reaction conditions were equally effective in in D-glucose and D-galactose
derivatives without affecting thio-leaving groups.
Tani and co-workers developed a novel and facile reductive ring-opening reaction
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for 4,6-O-benzylidene acetal derivatives of hexapyranosides using CoCl2/BH3•THF. This
gave the corresponding 4-O-benzyl-6-O-OH derivatives selectively in good yields, which
allows large-scale synthesis at low cost.116
Lee et al. studied the stereoselectivity of the reductive ring opening of
benzylidene acetals of carbohydrates using deuterated promoters.117 The highly retentive
deuteride addition led by AlD3 suggested the mechanism followed the rarely observed
internal nucleophilic substitution (SNi, Scheme 1.47). An SN1-like mechanism was
proposed in the acid-promoted regioselective BD3•THF- or Et3SiD-reductive ring
opening.
Scheme1.47. Mechanisms of the benzylidene ring opening

Hafnium(IV) triflate was discovered to be an effective catalyst for the
regioselective reductive benzylidene ring opening and directing TES ether formation.118
For the mechanistic study, Et3SiD was used as a deuteride source to the Hf(OTf)4catalyzed reaction with compound 1.147 (Scheme 1.48). Products 1.174 and 1.175 were
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obtained in 35% and 55% yields, respectively. Product 1.174 was found to be a 49:51
(R/S) mixture. The TES ether 1.175 also gave a mixture of (R) and (S) compounds at the
benzylic position. Treatment of the TES ether 1.175 with TBAF gave 1.174R:1.174S in a
53:47 ratio in 93% yield. These results demonstrate that the Hf(OTf)4-catalyzed
benzylidene cleavage reaction proceeded via the SN1 mechanism.
Scheme 1.48. Stereochemistry of deuteride incorporation at the benzylic position.

N-Bromosuccinimide (NBS) was found to be an effective reagent to
regioselectively open 4,6-O-benzylidene acetals to afford 6-bromo 4-benzoates.119 When
methyl

2-acetamido-4,6-O-benzylidene-2-deoxy-3-O-methyl-α-D-glucopyranoside

hydrate 1.176 was treated with NBS in tetrachloroethane at 85 ºC, the hydroxyl ion
resulting from the water of hydration apparently competes with the bromide ion in the
attack on the intermediate cyclic ion, thus forming approximately equal amount of the 6bromo product 1.177 and the 6-OH product 1.178 (Scheme 1.49a).

Tinghua Wang | UMSL 2018 | Page 43

Regioselective partial deprotection of carbohydrates protected as benzylidene
acetals can be achieved by irradiation of the protected sugar with NBS in the presence of
water.120 Under these conditions the benzylidene ring was opened to give a pyranoside
with an axial benzoyloxy group and an equatorial hydroxy group. In this case, irradiation
of methyl 3,4-O-benzylidene (R or S)-6-deoxy-2-O-(2,2-dimethylpropanoyl)-α-Lgalactopyranoside 1.179 and 1.180 with NBS, water and BaCO3 gave the corresponding
3-hydroxy-4-O-benzoyl derivative 1.181 in 72% yield (Scheme 1.49b).
Scheme 1.49. Regioselective opening of benzylidene acetals with NBS

The regioselective acetal-bond cleavage of the 4,6-O-benzylidene and 4,6-O-pmethoxybenzylidene derivatives by the reaction with DIBAL was firstly reported by
Mikami

et

al.

in

1987.121

Methyl

2,3-di-O-benzyl-4,6-O-benzylidene-α-D-

glucopyranoside 1.147 favors the formation of the 6-OH derivative 1.159 with DIBAL at
-30 ºC in 88% yield (Scheme 1.50). Regioselective acetal-bond cleavage of 4,6-O-(4methoxybenzylidene)-α-D-altropyranosides was also examined. Compound 1.182 led to
the formation of the 6-OH product 1.184 in 70% along with some 4-OH product 1.186
that was formed in 27% yield at 0 ºC. However, with methoxyethoxymethyl group at C-3,
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compound 1.183 gave a reversed regioselectivity, favoring the formation of 4-OH
product 1.187 in 70% yield. Reaction of compound 1.183 was also carried out in the
presence of LiEt3BH–TiCl4, and similar preference for formation of 1.184 was obtained.
Scheme 1.50. Regioselective opening of benzylidene acetals with DIBAL

Suzuki et al. applied the same conditions of DIBAL to the reductive ring-opening
reaction

of

3,4,6-tri-O-benzyl-1,2-O-benzylidene

and

3,4,6-tri-O-benzyl-1,2-O-p-

methoxybenzylidene-α-D-glucopyranose.122 For the endo compounds endo-1.188 and
endo-1.189, regioselectivity can be altered by changing reaction temperatures and
solvents (Table 1.3, entries 1-4). For the exo compounds exo-1.188 and exo-1.189, the
corresponding 1-OH derivatives 1.190 and 1.191 are always favored (entries 5-6).
The regioselectivity of this reaction is also dependent on the solvent of the stock
solution of DIBAL.123 For glycoside 1.147 and mannoside 1.194, using the
dichloromethane stock solution of DIBAL favors the formation of 6-O-benzyl derivatives
1.150 and 1.196, respectively; while using a toluene stock solution of DIBAL favors the
formation of 4-O-benzyl derivatives 1.159 and 1.195, respectively (Table 3, entries 1-4).
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For galactoside 1.197, no matter which stock solution is used, the corresponding 6-Obenzyl derivative 1.199 is always produced as the only product (entries 5 and 6).
Table 1.3. Reductive ring-opening reactions of 1,2-O-benzylidene or 1,2-O-pmethoxybenzylidene-α-D-glucopyranose derivatives with DIBAL

Entry

Substrate

Temperature (ºC)

Time

Solvent

Product (Yield %)

1

endo-1.188

0

5 min

CH2Cl2

70 (15)

72 (85)

2

endo-1.188

-78 to 20

5h

CH2Cl2

70 (89)

72 (11)

3

endo-1.189

-78

15 min

CH2Cl2

71 (18)

73 (82)

4

endo-1.189

-50 to -10

5h

THF

71 (88)

73 (12)

5

exo-1.188

0

5 min

CH2Cl2

70 (89)

72 (11)

6

exo-1.189

-78

15 min

CH2Cl2

71 (100)

--

2,3:4,6-Di-O-benzylidene mannoside 1.123 was also investigated. For the exo
isomer of 1.123, a dichloromethane stock solution of DIBAL gave 2-O-benzyl derivative
1.125 as the major product in 75% yield (entry 7). In contrast, a toluene stock solution
gave the corresponding 3-O-benzyl derivative 1.124 as the major product in 92% yield
(entry 8). The regioselectivity of reductive opening of the 2,3-O-benzylidene of endo1.123 is independent of the stock solution of DIBAL (entries 9-10). The DIBAL method
was also optimized and applied to the regioselective opening of 2-naphthylidene acetal of
per-O-PMB trehalose.124
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Table1.4. Reductive cleavage of benzylidene acetals by DIBAL with different stock
solution
DIBAL solution

Temp.

(mol equiv.)

(ºC)

CH2Cl2 (3.0)

0

Toluene (3.0)

-10

CH2Cl2 (3.0)

0

Toluene (3.0)

-10

5

CH2Cl2 (3.0)

0

6

Toluene (3.0)

-10

7

CH2Cl2 (2.2)

0

8

Toluene (2.2)

-40 to 0

9

CH2Cl2 (2.2)

-40 to 0

10

Toluene (2.2)

-40 to 0

Entry

Substrate

1
2

1.147

3
4

1.194

Products (yield%)

12
1.159

91

82
1.150

0
1.195

69

89
1.196

0
1.198

0

Trace

13

91
1.199

86

1.197

19
1.124

92

75
1.125

3

exo-1.123

3
1.124

6

76
1.125

91

endo-1.123

Photolysis is an alternative mild and regioselective method to open an acetal
protecting group. Tănăsescu and co-workers introduced light-induced cleavage to obtain
nitroso derivatives from o-nitrobenzylidene acetals of such polyols as pentaerythritol,
ethylene glycol, erythritol, glycerol, alditols, aldoses, and oligosaccharides.125
Unfortunately, these studies were performed without recourse to modern methods of
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analytical and structural identification. Thus the re-examination of photolysis of cyclic
acetals of sugars was needed.
In 1963, Elad and Youssefyeh described the acetone-sensitized photochemical
conversion of cyclic acetals to the corresponding carboxylic esters.126 A few years later,
this reaction was applied to sugars, in an attempt to find a new method to prepare deoxy
sugars.127 In fact, instead of deoxy sugars, mono hydroxyl sugars 2-and 3-benzoyl-β-Dribofuranoside 1.202 were obtained in 58% yield from the UV irradiation of methyl 2,3O-benzylidene-p-D-ribofuranoside 1.200 in acetone and tert-BuOH (Scheme 1.51). Endoexo isomerization of starting material 1.200 was observed, which suggested the reaction
may proceed via the benzylic radical intermediate 1.201 in the presence of oxygen. When
applied

with

the

same

conditions,

3,5-O-benzylidene-1,2-O-isopropylidene-α-D-

xylofuranose also gave the corresponding 5- and 3-O-benzoyl product in good yield. The
corresponding 1,2-O-isopropylidene derivatives were obtained selectively from UV
irradiation

of

1,2:5,6-di-O-isopropylidene-α-D-glucofuranose

and

1,2:3,5-di-O-

isopropylidene-α-D-xylofuranose, respectively.128
Scheme 1.51. Photochemical conversion of benzylidene acetals of sugars

Collins and co-workers reexamined Tănăsescu’s photochemical rearrangement
with mono-nitrobenzylidene glycosides with modern techniques and have overcome the
problem of characterizing the nitroso photo-products by oxidizing them to nitrobenzoates
with trifluoroperoxyacetic acid.129 When treated with UV irradiation in MeOH, followed
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by the oxidation with CF3CO3H, methyl 4-O-acetyl-6-deoxy-2,3-O-(o-nitrobenzylidene)α-L-mannopyranoside 1.203 gave 4-O-acetyl-2-O-(o-nitrobenzoyl) derivative 1.204 in
82% yield (Scheme 1.52a). The pure endo and exo isomer of compound 1.203 gave the
same product as that obtained from an exo-endo mixture of compound 1.203 under
similar irradiation and oxidation conditions. When methyl 4,6-di-O-methyl-2,3-O-(onitrobenzylidene)-β-D-allopyranoside 1.205 was treated under the same reaction
conditions, a crystalline mixture was obtained in 93% yield. The product mixture
contained mainly 3-o-nitrobenzoate 1.206 and a small proportion of 2-o-nitrobenzoate
isomer 1.207 (Scheme 1.52b). Under the same reaction conditions, both methyl 2-Oacetyl-3,4-O-(o-nitrobenzylidene)-α-L-fucopyranoside and methyl 2-O-acetyl-3,4-O-(onitrobenzylidene)-β-L-arabinopyranoside gave the corresponding 4-O-(o-nitrobenzoyl)
derivatives with high regioselectivity. The mechanism of this reaction is depicted in
Scheme 1.52c.130 The dioxolan ring probably opened at the chiral benzylidene carbon
atom since all the reactions gave products with the same configuration as the original
sugar derivatives. These results are consistent with the observation that the photorearrangements could not be induced with either meta- or para-nitrobenzylidene
derivatives.

This

method

was

further

extended

to

methyl

4,6-O-(o-

nitrobenzylidene)aldopyranosides.131 4,6-O-(o-Nitrobenzylidene)-α-D-glucoside 1.208
and D-mannoside 1.209 gave the respective major products 6-O-(o-nitrobenzoyl)
derivative 1.210 in 48% yield and 1.211 in 53% yield, together with the minor product 4O-(o-nitrobenzoyl) derivatives 1.212 and 1.213 (Scheme 1.52d). The photorearrangements of the D-galactoside analog gave a reversed regioselectivity, with the
corresponding 6- and 4-O-(o-nitrobenzoyl) derivatives in the ratio of 3:7.
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Scheme 1.52. Photochemical conversion of o-nitrobenzylidene acetals

In 1976, Suzuki et al. applied this photochemistry strategy to 1,2,3-tri-O-acetyl4,6-O-benzylidene-β-D-glucopyranose 1.214 with benzophenone and acetone.132 When
the reaction was performed in the presence of oxygen, both 6- and 4-O-benzoyl
derivatives 1.215 and 1.216 were formed (Scheme 1.53). In the absence of oxygen, only
the pinacol, the cross adduct derivatives and dimers were formed.
Scheme 1.53. Photochemical conversion of benzylidene acetals with ketones

Tinghua Wang | UMSL 2018 | Page 50

The 4,6-O-prop-2-enylidene acetals can be regioselectively opened to 6-O-prop2-enyl ether derivatives by using NaBH3CN-HCl.133 4,6-O-prop-2-enylidene-α-Dglucoside 1.217 was treated with NaBH3CN-HCl, 6-O-prop-2-enyl ether 1.218 was
formed in 79% yield, in addition to the minor product 1.219 obtained in a 13% yield
(Scheme 1.54).
Scheme 1.54. Reductive cleavage of prop-2-enylidene acetals

Methoxyethylidene acetals can be regioselectively opened to the corresponding
hydroxyacetate derivatives under mild acidic conditions.134 The substrate α-D-glucoside
1.220 was treated with a mixture of water and chloroform in the presence of TsOH,
giving the corresponding 4-OH derivative 1.221 as the major compound in 60% yield as
well as the minor product 6-OH isomer 1.22 in 30% yield (Scheme 1.55).
Scheme 1.55. Reductive cleavage of methoxyethylidene acetals

More recently, Pan and co-workers performed quantum chemical studies to
investigate the mechanism of the regioselectivities for the cleavage of dioxolane acetals
on pyranoside derivatives.135 It is thus suggested that the selectivities should be
dependent on the differences of the free energy at the transition states when the dioxolane
five-membered ring cleaves. Stereoelectronic effects were quantified by natural bond
orbital (NBO) analysis.
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The phenylsulfonylethylidene (PSE) acetal is a relatively new protecting group in
carbohydrate chemistry and can be reductively opened to vinyl ethers.136 PSE acetal
glucoside 1.223 was first treated with sodium amalgam in anhydrous methanol in the
presence of solid phosphate buffer NaH2PO4. 4-O-vinyl ether 1.224, 6-O-vinyl ether
1.225 and ethylidene acetal 1.226 were obtained in 27%, 32% and 35% yield,
respectively (Scheme 1.56).
Scheme 1.56. Reductive cleavage of phenylsulfonylethylidene acetals

An efficient method was developed for selective 5-O-opening of 3,5-O-di-tertbutylsilylene-D-galactofuranosides to give the corresponding 5-OH derivative.137
Thiogalactofuranoside 1.227 was treated with 1.1 equiv. of TBAF at -20 ̊C for 40 h and
gave 5-OH derivative 1.228 in 90% yield (Scheme 1.57).
Scheme 1.57. Regioselective ring opening of 3,5-O-di-tert-butylsilylene

Nicolaou and co-workers attempted to treat cyclic 1,2-carbonates with
organolithium reagents at low temperature to afford regioselective esters.138 This method
was also applied to the sugar derivative 1.229. A partial deprotection was achieved
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through the nucleophilic addition in the presence of PhLi to afford 4-O-benzoyl
derivative 1.230 in high yield (Scheme 1.58). The less hindered C-4 position remains
protected as an ester.
Scheme 1.58. Regioselective opening of cyclic carbonates through nucleophilic
addition

In 1959, Gorin observed the cleavage of the C-1-O-6 bond during the reaction of
1,6-anhydro-β-D-glucopyranose with hydrogen over copper chromite.139 In 1989, Hori
and coworkers performed acid-catalyzed methanolysis of 1,6-anhydro-2,3,4-tri-O-benzylβ-D-mannopyranose 1.83 using 7% HCl MeOH solution (Scheme 1.59).69 This reaction
produced methyl 2,3,4-tri-O-benzyl-α-D-mannopyranoside 1.195 in 77% yield together
with methyl 2,4-di-O-benzyl-α-D-mannopyranoside 1.231 that was isolated in 14% yield.
Scheme 1.59. Regioselective opening of anhydro groups

Wood and co-workers used Grignard reagents to open epoxide D-glucose
derivatives to afford the corresponding 3-OH compound.140 Treatment of epoxide 1.232
with CH2CHCH2MgCl or CH2CCH3CH2MgCl gave 86% of 3-hydroyxl derivative 1.233
and 92% of 1.234, respectively (Scheme 1.60a).
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Nishiyama and co-workers extended this nucleophilic opening of carbohydrate
epoxides utilizing sugar alkoxides as nucleophiles to achieve disaccharide compounds.141
When 2,3-anhydro-α-D-mannopyranosides 1.235 was treated with NaH together with 10
equiv. of 6-OH acceptor 1.159, disaccharide 1.236 was produced selectively in 84% yield
(Scheme 1.60b).
TBAF/KHF2 was found to be effective for the nucleophilic ring opening reactions
of sugar-derived epoxides with fluoride.142 For 2,3-anhydro-α-D-mannopyranoside 1.235,
2-OH-3-fluoro derivative 1.237 was obtained as the only isomer in 84% yield (Scheme
1.60c).
Scheme 1.60. Regioselective opening of epoxide rings

1.5.

Conclusions
Over the past few decades, a vast amount of regioselective partial

protection/deprotection strategies have been investigated and applied to achieve step-
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economy oligosaccharide synthesis. Acetal groups are better explored than other
protecting groups. Some strategies are only effective for limited substrates. Therefore,
efforts are still needed to enhance the mechanistic understanding of these reactions and to
develop more universal methods to achieve higher selectivity.

1.6.
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2.1 Introduction
Practically all complex carbohydrates are connected via O-glycosidic linkages,
but obtaining these linkages by chemical methods remains challenging. Many methods
for glycoside synthesis have been developed.1 However, the complexity of glycosylation
reactions constantly calls for further improvement.2 A majority of all glycosylations are
performed with thioglycosides3 and O-trichloroacetimidates (TCAI),4 but N-phenyl
trifluoroacetimidates (PTFAI) introduced by Yu and co-workers5 have also been gaining a
considerable niche amongst methods used for chemical glycosylation. Inspired by
excellent results achieved with the PTFAI donors, we decided to investigate the 3,3difluoro-3H-indol-2-yl (OFox) leaving group that represents a hybrid structure between
PTFAI and S/O-benzoxazolyl (SBox/OBox) leaving groups developed by our laboratory.6
While investigating approaches to the synthesis of OFox imidates, we discovered that
these new compounds can also be generated and glycosylated in a regenerative fashion in
situ. This created the basis to exploring 3,3-difluoroxindole (HOFox)-mediated
regenerative glycosylations wherein the OFox imidates were found to be key
intermediates.7
A preliminary study shows that both OFox imidate glycosylation and regenerative
glycosylation offers poor stereoselectivity of glycosyl products. According to the
previous study, the glycosyl donors with superdisarming 3,4,6-tri-O-acyl-2-O-benzyl
protecting group pattern was found to be especially beneficial for 1,2-cis glycosylation.8
Described herein is the investigation of 3,4,6-tri-O-acyl-2-O-benzyl protected OFox
imidates as glycosyl donors in conventional and regenerative glycosylations.
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2.2 Glycosylations of OFox imidates
3,3-Difluoroxindole aglycone (HOFox), the precursor for the synthesis of OFox
imidates, can be synthesized from the commercially available Isatin. This is
accomplished by the reaction with diethylaminosulfur trifluoride (DAST) in anhydrous
CH2Cl2 at room temperature,7, 9 but there is a variety of other approaches that might be
suitable as well.10 The synthesis of 2-benzyl-3,4,6-tri-O-acetylated OFox imidate 2.2 was
performed from the corresponding bromide 2.111 by using HOFox, Ag2O, and DIPEA.
Stereoisomers α-2.2 and β-2.2 could be obtained individually by adjusting the reaction
temperature and time (Scheme 2.1). The formation of OFox imidates was confirmed by
detecting changes in the 19F NMR signals from -112.4 ppm for 3,3-difluoro-2-oxindole to
-121 to -122 ppm for the coupled product.12 Interestingly, the formation of side products
such as N-glycosides or 1,2-dehydro derivatives (glycals), seen in other imidate
syntheses,13 was practically absent in the case of OFox imidates.
Scheme 2.1. Synthesis of 3,4,6-tri-O-acyl-2-O-benzyl OFox imidates 2.2

In general, the activation of glycosyl imidate donors in glycosylation can be
affected either directly via the anomeric atom (oxygen or sulfur) or remotely via the
nitrogen atom as depicted in Figure 2.1. For instance, it has become common knowledge
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that TCAI donors are activated via the remote nitrogen.2c In principle, the activation
mode can be determined by means of isolation and characterization of the departed
aglycone that represents the leaving group-promoter conjugate. As previously shown in
our laboratory, S-thiazolinyl donors are activated via the remote nitrogen.14 In strong
contrast, the bicyclic leaving groups SBox or OBox are activated via the anomeric sulfur
or oxygen atom, respectively (Figure 2.1).15

This is due to the propensity of the

benzoxazolyl group to retain the aromaticity of its heterocyclic ring, which otherwise
would have been disrupted if the activation were taking place via the remote endocyclic
nitrogen.
Figure 2.1. Direct vs. remote activation of S- and O-imidates.

In regard to the OFox imidates, the five-membered ring is non-aromatic,
therefore, our working hypothesis was that the activation of the OFox leaving group is
affected via the remote nitrogen atom. However, regardless of the activator used (vide
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infra), the isolation of the departed leaving group as an elusive OFox-promoter conjugate
was proven impossible. All glycosylation reactions with OFox imidates, even deactivated
per-O-benzoylated ones, were completed in a matter of minutes in the presence of a
catalytic amount of the promoter. Instead, only “free” HOFox could be isolated from the
reaction medium. That is because the departed aglycone would release the activator,
thereby creating the basis for exploring the HOFox-mediated regenerative glycosylation.7
Since both α-2.2 and β-2.2 could be obtained individually (Scheme 2.1), first we
wanted to look into the possible effect of the anomeric group orientation on the
stereoselectivity of glycosylations. As a result of this experimentation, we determined
that either α-2.2 or β-2.2 is capable of providing the corresponding disaccharide 2.8 with
acceptor 2.3 in practically identical yields of 88-89%. Noteworthy, complete αstereoselectivity was achieved in both cases (Table 2.1, entries 1 and 2). Being
encouraged by this excellent stereoselectivity achieved with 2-OH acceptor 2.3, we
moved on to explore other glycosyl acceptors. For instance, 4-OH acceptor 2.4 also
provided complete α-stereoselectivity, but the corresponding disaccharide 2.9 was
isolated in a modest yield of 70% (entry 3). The outcome of this coupling could be
improved by using excess donor 2.2 (1.8 equiv. in respect to the acceptor). This was
necessary to overcome the mismatch between the highly reactive OFox donor and
hindered 4-OH acceptor. As a result, disaccharide 2.9 was obtained in 99% yield, still
with complete α-stereoselectivity (entry 4).
Upon further exploration of this approach, we noticed that other, more reactive
glycosyl acceptors may lead to the reduced stereoselectivity. Thus, glycosylation of 3-OH
acceptor 2.5 produced disaccharide 2.10 in 79% yield and a reduced stereoselectivity of
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α/β = 10/1 (entry 5). Since all reactions with the OFox imidate donors are quite swift, we
assumed that slowing the reaction would help gaining a better control of the outcome in
general, and stereoselectivity in particular. This was attempted by diluting the reaction
mixture. All previous reactions have been performed under the standard dilution of 50
mM concentration of the donor, typical for glycosylation reactions. Since the donoracceptor ratio may vary, we standardized the reaction conditions by maintaining the
concentration of the glycosyl acceptor, 45 mM for glycosylations with 1.1 equiv. access
of the donor. When the glycosylation between donor 2.2 and acceptor 2.5 was performed
at 9 mM concentration of the latter, a five-fold dilution in respect to the standard
conditions, a significant enhancement of stereoselectivity was observed. Thus,
disaccharide 2.10 was obtained in 72% yield and a respectable stereoselectivity (α/β =
20/1, entry 6). The impact of the five-fold dilution on the reaction rate was modest, but
the reaction did not proceed to completion, and the unreacted acceptor 2.5 was still
remaining even after 18 h. This was addressed by increasing the amount of the donor to
1.5 equiv. As a result, disaccharide 2.10 was obtained in an improved yield of 80%, and
excellent stereoselectivity was maintained (α/β = 21/1, entry 7).
A significant drop in stereoselectivity was observed in glycosylations of the
highly reactive primary acceptor 2.6. Under regular concentration (45 mM of 2.6)
disaccharide 2.11 was obtained in 88% with a very poor stereoselectivity (α/β = 1.7/1,
entry 8). Repeating this reaction at low concentration (9 mM of 2.6) boosted
stereoselectivity (α/β = 6.0/1) and disaccharide 2.11 was isolated in 78% yield (entry 9).
Since this five-fold dilution had practically no effect on the rate of the reaction, we
continued experimenting and performed the coupling at 4.5 mM concentration of
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acceptor 2.6. Again, no visible rate reduction was detected, and disaccharide 2.11 was
isolated in 86% yield with further enhancement in stereoselectivity (α/β = 9.0/1, entry
10). Experiments with further dilution (up to 1.5 mM of 2.6) required an increased
amount of donor 2.2 (1.5 equiv.) to maintain high rates and yields. As a result,
disaccharide 2.11 was obtained in 30 min in 95% yield with commendable
stereoselectivity (α/β = 12/1, entry 11).
Finally, we investigated glycosyl acceptor 2.7 with the anticipation that the
decreased nucleophilicity of the hydroxyl due to multiple surrounding ester protecting
groups would help to obtain higher stereoselectivity. Indeed, glycosylation of acceptor
2.7 under the regular concentration conditions gave disaccharide 2.12 in 89% (α/β =
5.2/1, entry 12). This was a three-fold enhancement for stereoselectivity obtained with
acceptor 2.6 under the same reaction conditions (compare with entry 8). This outcome
could be improved by using high dilution conditions, 9 mM of 2.7, which led to the
formation of disaccharide 2.12 in 96% yield and excellent stereoselectivity (α/β = 18/1,
entry 13). Interestingly, further dilution led to decreased stereoselectivity in this case.
Thus, reaction performed at 4.5 mM of 2.7 gave disaccharide 2.12 with a selectivity of
α/β = 7.2/1.
In a further attempt to enhance the stereoselectivity, we also explored the solvent
effect on the glycosylations with donor 2.2. However, the effect of reaction solvents that
typically favor the formation of axially oriented products, such as 1,4-dioxane, diethyl
ether, THF or toluene, used either neat or in combination with halogenated solvents,
dichloromethane, 1,2-dichloroethane or chloroform was negligible.
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Table 2.1. Investigation of the stereoselectivity of glycosidation of OFox donor 2.2

Entry

2 (equiv.)

1

1.10

ROH (conc.)

Time

Product (yield, α/β ratio)

15 min
2.3 (45 mM)
2.8 (88%, α only)

a

2

1.10

3

1.10

2.3 (45 mM)

15 min

2.8 (89%, α only)

5 min
2.4 (45 mM)
2.9 (70%, α only)

4

1.80

5

1.10

2.4 (45 mM)

5 min

2.9 (99%, α only)

5 min
2.5 (45 mM)

2.10 (79%, 10/1)

6

1.10

2.5 (9 mM)

18 h

2.10 (72%, 20/1)b

7

1.50

2.5 (9 mM)

5 min

2.10 (80%, 21/1)

8

1.10

5 min
2.6 (45 mM)
2.11 (88%, 1.7/1)
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9

1.10

2.6 (9 mM)

5 min

2.11 (78%, 6.8/1)

10

1.10

2.6 (4.5 mM)

5 min

2.11 (86%, 9.0/1)

11

1.50

2.6 (1.5 mM)

30 min

2.11 (95%, 12/1)

12

1.10

5 min
2.7 (45 mM)
2.12 (89%, 5.2/1)

13

1.10
a
b

2.7 (9.0 mM)

10 min

2.12 (96%, 18/1)

– α-configured OFox donor (α-2.2) was used for comparison;
– the reaction did not go to completion even after 18 h

2.3 Regenerative Glycosylation using HOFox
Being encouraged by excellent yields and selectivities of glycosidations of 3,4,6tri-O-acetyl-2-O-benzyl OFox imidate 2.2 with both primary and secondary acceptors we
turned our attention to investigating the regenerative glycosylation method. In our
preliminary study, we first reacted thioglycoside 2.1316 with stoichiometric amounts of
bromine to form glycosyl bromide 2.14 (Scheme 2.2).7 The latter can be glycosidated
slowly, but it gets converted into the highly reactive OFox imidate 2.15 much more
readily if the HOFox additive is used. The amount of the reactive glycosyl donor present
in the reaction medium can be controlled by the amount of HOFox added. OFox imidates
have reasonable shelf-life, but are readily activated with various Lewis acids (5-10 mol
%). Previously, BF3·Et2O was used for this purpose, and we managed to achieve
reasonable glycosylation rates between donor 2.14 and acceptor 2.16 (2-3 h) in the
presence of as little as 10-25 mol % of HOFox aglycone to form disaccharide 2.17 in
commendable yields (Scheme 2.2).
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Scheme 2.2. A concept of the regenerative glycosylation

After optimizing the reaction conditions, glucosyl bromide 2.1 made from
thioglycoside 2.18 equipped with the 3,4,6-tri-O-acyl-2-O-benzyl protecting group
pattern. The glycosidation of glucosyl donor 2.1 with a variety of glycosyl acceptors were
conducted in a regular way, without the HOFox additive, and in the regenerative fashion
in parallel. Thus, glycosidation of donor 2.1 with 1-adamantanol acceptor 2.19 to form
glycoside 2.2017 was enhanced from 61% (30 min, no HOFox) to 90% (30 min, 25 mol %
HOFox, Table 2.2, entry 1). The stereoselectivity of both reactions was the same (α/β =
10/1). Glycosidation of donor 2.1 with 2-OH acceptor 2.3 to form disaccharide 2.818 was
enhanced from 26% (45 min, no HOFox) to 92% (45 min, 25 mol % HOFox, entry 2).
The stereoselectivity of both reactions was complete (α-only). Glycosidation of donor 2.1
with 4-OH acceptor 2.4 to form disaccharide 2.9 was enhanced from 14% (no HOFox) to
85% (25 mol % HOFox, entry 3). The stereoselectivity of both reactions was the same
(α/β = 12/1). Glycosidation of donor 2.1 with 3-OH acceptor 2.5 to form disaccharide
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2.10 was enhanced from 27% (no HOFox) to 91% (25 mol % HOFox, entry 4). The
stereoselectivity of the reaction without HOFox was higher (α/β = 36/1) than that of the
HOFox-catalyzed reaction (α/β = 20/1). Finally, glycosidation of donor 2.1 with 4-OH
acceptor 2.6 to form disaccharide 2.11 was enhanced from 21% (no HOFox) to 95% (25
mol % HOFox, entry 5).
Table 2.2. Regnerative glycosidation of donor 2.1 with different acceptors in the
presence of TMSOTfa

Yield (α/β

HOFox
Entry

Donor

Acceptor

Time

Product

(equiv.)

1

ratio)

0

0.5 h

0.25

0.5 h

2.1

0

3

4

5

2.1

2.1

2.1

2.1

90% (10/1)
2.20

2.19

2

61% (10/1)

26% (α-only)

0.75 h

2.3

2.8
0.25

0.75 h

0

0.75 h

2.4

92% (α-only)
14% (12/1)
2.9

0.25

0.75 h

85% (12/1)

0

0.75 h

27% (36/1)

0.25

0.75 h

0

0.5 h

2.5

2.10

2.6

91% (20/1)
21% (9.8/1)
2.11

0.25

0.5 h

95% (4.3/1)
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2.4 Conclusions
Over the course of this study, a novel 3,4,6-tri-O-acyl-2-O-benzyl OFox glycosyl
imidate has been synthesized in high yields from the corresponding bromide precursor.
This OFox imidate is very reactive and selective for the synthesis of 1,2-cis glycosides,
particularly at high dilution conditions. These glycosylations are operational simple,
rapid, and deliver high yields and excellent stereocontrol in presence of catalytic amounts
of Lewis acids. The new regenerative concept for chemical glycosylation that proceeds
via reactive intermediates and activation thereof in catalytic fashion in situ was also
shown to be possible with these OFox glycosyl imidates. In glycosylations with both
primary and secondary glycosyl acceptors, the addition of HOFox enhanced the reactivity
of bromide donor 2.1 dramatically but did not improve the stereoselectivities.
Nevertheless, the regenerative glycosylation has a conservatively estimated three-fold
benefit in comparison with conventional glycosylations. First, the reactive OFox imidate
donor is generated in small amounts, which helps to minimize side reactions. Second, the
OFox donor is constantly regenerated ensuring continuous “feeding” of the system with
the “fresh” donor. Third, a stable precursor can be used, and careful monitoring of
glycosylation will ensure that only the necessary amounts of reagents is used.

2.5 Experimental
2.5.1 General methods
The reactions were performed using commercial reagents and the ACS grade solvents
used for reactions were purified and dried in accordance with standard procedures.
Column chromatography was performed on silica gel 60 (70-230 mesh), reactions were
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monitored by TLC on Kieselgel 60 F254. The compounds were detected by examination
under UV light and by charring with 10% sulfuric acid in methanol. Solvents were
removed under reduced pressure at <40 oC. CH2Cl2 and 1,2-dichloromethane (DCE) were
distilled from CaH2 directly prior to application. Molecular sieves (3 or 4 Å), used for
reactions, were crushed and activated in vacuo at 390 °C for 8 h in the first instance and
then for 2-3 h at 390 °C directly prior to application. Optical rotations were measured at
‘Jasco P-1020’ polarimeter. 1H NMR spectra were recorded at 300 or 600 MHz,

13

C

NMR spectra were recorded at 75 or 150 MHz. The 1H NMR chemical shifts are
referenced to the signal of the residual CHCl3 (δH = 7.27 ppm) for solutions in CDCl3.
The

13

C NMR chemical shifts are referenced to the central signal of CDCl 3 (δC = 77.23

ppm) for solutions in CDCl3. The 19F NMR chemical shifts are referenced to CFCl3 (δF =
0 ppm) for solutions in CDCl3. HRMS determinations were made with the use of a mass
spectrometer with FAB ionization and ion-trap detection.

Synthesis of 3,3-difluoroxindole (HOFox, 3,3-difluoroindolin-2-one). HOFox was
obtained from Isatin and DAST as previously described. Analytical data were in
accordance with that previously reported.9

2.5.2 Preparation of imidate donor 2.2
3,3-Difluoro-3H-indol-2-yl 3,4,6-tri-O-acetyl-2-O-benzyl-β-D-glucopyranoside (2.2 β). A mixture of a glycosyl bromide 2.1 (70.0 mg, 0.15 mmol) and freshly activated
molecular sieves (3 Å, 300 mg) in dry CH2Cl2 (1.0 mL) or toluene (1.0 mL) was stirred
under argon for 1 h at rt. After that, 3,3-difluorooxindole (25.7 mg, 0.15 mmol), Ag2O
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(105 mg, 0.45 mmol), and DIPEA (39.7 μL, 0.23 mmol) were added and the resulting
mixture was stirred for 40 min at 0 oC. The solids were filtered off through a pad of
Celite and rinsed successively with CH2Cl2. The combined filtrate (~40 mL) was washed
with 1% aq. NaOH (2 × 15 mL) and water (2 × 15 mL). The organic phase was separated,
dried with MgSO4, and concentrated in vacuo. The residue was purified by column
chromatography on silica gel (ethyl acetate-hexanes gradient elution) to afford the
corresponding OFox imidate β-2.2 in 80% yield as a white foam. Analytical data for β2.2: Rf = 0.39 (ethyl acetate/hexanes, 2/3, v/v); [α]D26 +13.7 (c = 1.0, CHCl3); 1H n.m.r.
(300 MHz): δ, 1.95, 2.03, 2.07 (3s, 9H, 3 × COCH3), 3.80 (dd, 1H, J2,3 = 7.9 Hz, H-2),
3.95 (m, 1H, H-5), 4.14 (dd, 1H, J5,6a = 2.3 Hz, J6a,6b = 12.5 Hz, H-6a), 4.34 (dd, 1H, J5,6b
= 4.4 Hz, H-6b), 4.74 (dd, 2H, 2J = 11.6 Hz, CH2Ph), 5.11 (dd, 1H, J4,5 = 9.5 Hz, H-4),
5.27 (dd, 1H, J3,4 = 9.2 Hz, H-3), 5.94 (d, 1H, J1,2 = 7.8 Hz, H-1), 7.18-7.49 (m, 9H,
aromatic) ppm;

13

C n.m.r. (75 MHz): δ, 20.7 (× 2), 20.8, 61.5, 67.9, 72.6, 73.6, 74.7,

77.6, 99.1, 120.6, 123.3, 126.2, 128.1 (× 2), 128.3 (× 3), 128.5 (× 3), 133.7, 137.1, 150.3,
169.7, 170.0, 170.7 ppm; 19F n.m.r.: δ, -122.0 (d, 2F, CF2) ppm; HR-FAB MS [M+Na]+
calculated for C27H27F2NO9Na+ 570.1552, found 570.1562.

3,3-Difluoro-3H-indol-2-yl 3,4,6-tri-O-acetyl-2-O-benzyl-α-D-glucopyranoside (2.2 α). A mixture of a glycosyl bromide 2.1 (70.0 mg, 0.15 mmol) and freshly activated
molecular sieves (3 Å, 300 mg) in dry CH2Cl2 (1.0 mL) or toluene (1.0 mL) was stirred
under argon for 1 h at rt. After that, 3,3-difluorooxindole (25.7 mg, 0.15 mmol), Ag2O
(105 mg, 0.45 mmol), and DIPEA (39.7 μL, 0.23 mmol) were added and the resulting
mixture was stirred for 5 h at rt. The solids were filtered off through a pad of Celite and
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rinsed successively with CH2Cl2. The combined filtrate (~40 mL) was washed with 1%
aq. NaOH (2 × 15 mL) and water (2 × 15 mL). The organic phase was separated, dried
with MgSO4, and concentrated in vacuo. The residue was purified by column
chromatography on silica gel (ethyl acetate-hexanes gradient elution) to afford the
corresponding OFox imidate α-2.2 in 81% yield as a white foam. Analytical data for α2.2: Rf = 0.38 (ethyl acetate/ hexanes, 2/3, v/v); [α]D25 +101.4 (c = 1.0, CHCl3); 1H n.m.r.
(300 MHz): δ, 2.02, 2.03, 2.05 (3s, 9H, 3 × COCH3), 3.81 (dd, 1H, J2,3 = 9.9 Hz, H-2),
4.06 (dd, 1H, J5,6a = 2.0 Hz, J6a,6b = 12.4 Hz, H-6a), 4.18 (m, 1H, H-5), 4,29 (dd, 1H, J5,6b
= 4.1 Hz, H-6b), 4.67 (s, 2H, CH2Ph), 5.11 (dd, 1H, J4,5 = 10.0 Hz, H-4), 5.57 (d, 1H, J3,4
= 9.7 Hz, H-3), 6.45 (d, 1H, J1,2 = 3.5 Hz, H-1), 7.17-7.40 (m, 9H, aromatic) ppm;

13

C

n.m.r. (75 MHz): δ, 20.7 (× 2), 20.8, 61.4, 67.8, 69.8, 71.4, 73.3, 75.7, 95.0, 120.4, 123.3,
125.9, 126.8, 127.9 (× 3), 128.2, 128.6 (× 3), 133.5, 137.2, 150.4, 168.7, 169.8, 170.1
ppm; 19F n.m.r.: δ, -121.6 (s, 1F, CF2a), -121.5 (s, 1F, CF2b) ppm; HR-FAB MS [M+Na]+
calculated for C27H27F2NO9Na+ 570.1552, found 570.1569.

2.5.3 Glycosylation of OFox imidate 2.2
A typical glycosylation procedure and the synthesis of glycosides. A mixture of
glycosyl donor (0.050 mmol or as indicated in Table 2.1), glycosyl acceptor (0.045
mmol), and freshly activated molecular sieves (3 or 4 Å, 90 mg) in CH2Cl2 (1 mL) or
other solvent or amount required for high dilution experiments as indicated in Table 2.1
was stirred under argon for 1 h at rt. TMSOTf (0.0045 mmol) was added, and the
resulting mixture was stirred for the time in indicated in Table 2.1. The solids were
filtered off through a pad of Celite and rinsed successively with CH2Cl2. The combined
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filtrate (~40 mL) was washed with 1% aq. NaOH (2 × 10 mL) and water (2 × 10 mL).
The organic phase was separated, dried with MgSO4, and concentrated in vacuo. The
residue was purified by column chromatography on silica gel (ethyl acetate - hexane
gradient elution) to afford a glycoside derivative in yields listed in Table 2.1.

Methyl 2-O-(3,4,6-tri-O-acetyl-2-O-benzyl-α-D-glucopyranosyl)-3,4,6-tri-O-benzyl-αD-glucopyranoside

(2.8). The title compound was obtained from donor α-2.2 or donor

β-2.2 and acceptor 2.319 as a clear film in 89% or 88% yield (α only), respectively.
Analytical data for 2.8 was in accordance with that reported previously.13a

Methyl 4-O-(3,4,6-tri-O-acetyl-2-O-benzyl-α-D-glucopyranosyl)-2,3,6-tri-O-benzyl-αD-glucopyranoside

(2.9). The title compound was obtained from donor 2.2 and acceptor

2.419 as a clear film in 70% or 99% yield (α only). Analytical data for 2.9 was in
accordance with that reported previously.13a

Methyl 3-O-(3,4,6-tri-O-acetyl-2-O-benzyl-α-D-glucopyranosyl)-2,4,6-tri-O-benzyl-αD-glucopyranoside

(2.10).

The title compound was obtained from donor 2.2 and

acceptor 2.519 as a clear film in 72-80% yield (α/β = 10-21/1). Analytical data for 2.10
was in accordance with that reported previously.20

Methyl 6-O-(3,4,6-tri-O-acetyl-2-O-benzyl-α-D-glucopyranosyl)-2,3,4-tri-O-benzyl-αD-glucopyranoside

(2.11).

The title compound was obtained from donor 2.2 and

acceptor 2.619 as a clear film in 78-95% yield (α/β = 1.7-12/1). Analytical data for 2.11:

Tinghua | UMSL 2018 | Page 92

1

H n.m.r. (300 MHz): δ, 1.96, 1.97, 2.00 (3s, 9H, 3 × COCH3), 3.35 (s, 3H, OCH3), 3.37–

3.42 (m, 1H, H-2), 3.48 (dd, 1H, J2′,3′ = 9.9 Hz, H-2′), 3.56 (dd, 1H, J4,5 = 9.4 Hz, H-4),
3.61–3.81 (m, 3H, H-5, 6a, 6b), 3.89–4.01 (m, 3H, J5′,6b′ = 4.4 Hz, H-3, 5′, 6a′), 4.14 (dd,
1H, J6a′,6b′ = 12.5 Hz, H-6b′), 4.45–4.82 (m, 7H, H-1, 3 × CH2Ph), 4.85–4.98 (m, 4H,
J1′,2′ = 3.5 Hz, H-1′, 4′, CH2Ph), 5.39 (dd, J3′,4′ = 9.7 Hz, 1H, H-3′), 7.16–7.36 (m, 20H,
aromatic) ppm; 13C n.m.r. (150 MHz): δ, 20.8, 20.9, 21.0, 55.4 (× 2), 62.1, 66.4, 67.3,
68.8, 70.5, 71.9, 72.5, 73.5, 75.2, 75.9, 76.6, 77.8, 80.0, 82.3, 97.0, 98.2, 127.7 (× 2),
127.8, 127.9 (× 2), 128.0 (× 2), 128.1 (× 2), 128.2 (× 2), 128.5 (× 2), 128.6 (× 4), 128.7
(× 2), 137.9, 138.3, 138.6, 138.9, 170.0, 170.3, 170.8 ppm. The remaining analytical data
for 2.11 was in accordance with that reported previously was in accordance with that
reported previously.13a

Methyl 6-O-(3,4,6-tri-O-acetyl-2-O-benzyl-α-D-glucopyranosyl)-2,3,4-tri-O-benzoylα-D-glucopyranoside (2.12). The title compound was obtained from donor 2.2 and
acceptor 2.1221 as a clear film in 89-96% yield (α/β = 5.2-18/1). Analytical data for 2.12
was in accordance with that reported previously.15

A typical regenerative glycosylation procedure. The thioglycoside precursor 2.18
(0.047 mmol) and freshly activated molecular sieves (3 Å, 150 mg) in CH2Cl2 (1.5 mL)
was stirred under argon for 1 h at rt. Br2 (1.3 equiv.) was added at 0 oC and the resulting
mixture was stirred for 15 min. Solvent was removed under the reduced pressure and the
residue was dried in vacuo for 1 h. Silver oxide (3 equiv.), glycosyl acceptor (0.037
mmol) and HOFox (0 or 0.25 equiv.) were added and the resulting solid was additionally
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dried in vacuo for 1 h. CH2Cl2 (1.5 mL) was added and the resulting mixture was stirred
for 30 min at rt. The mixture was cooled to 0 °C, TMSOTf (0.05 equiv.) was added, and
the resulting mixture was stirred for the time specified in tables and Scheme 2.2. The
solids were filtered-off through a pad of Celite and rinsed successively with CH2Cl2. The
combined filtrate (~40 mL) was washed with 1% aq. NaOH (10 mL) and water (2 × 10
mL). The organic phase was separated, dried with MgSO4, and concentrated in vacuo.
The residue was purified by column chromatography on silica gel (ethyl acetate - hexane
gradient elution) to afford a glycoside derivative in yields listed in Table 2.2.

1-Adamantyl 3,4,6-tri-O-acetyl-2-O-benzyl-α-D-glucopyranoside (2.20).

The title

compound was obtained from donor 2.1 and acceptor 2.19 by typical glycosylation
method in 61% (α/β = 10/1) with no HOFox and 92% (α/β = 10/1) with 25 % mol HOFox
as a clear film. The analytical data for the title compound was in accordance to that
reported previously.17
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CHAPTER 3
Glycosyl nitrates in synthesis: streamlined
access to glucopyranose building blocks
differentiated at C-2

Wang, T.; Nigudkar, S. S.; Yasomanee, J. P.; Rath, N. P.; Stine, K. J.; Demchenko, A. V.,
Glycosyl nitrates in synthesis: streamlined access to glucopyranose building blocks
differentiated at C-2. Org. Biomol. Chem. 2018, 16 (19), 3596-3604.
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3.1 Introduction
Poor accessibility to monosaccharide building blocks hampers development of all
methods for oligosaccharide synthesis. In particular, the development of automation
platforms for oligosaccharide assembly is affected. As Seeberger, the developer of the
first oligosaccharide synthesizer, notes “differentially protected monosaccharide building
blocks is currently the bottleneck for chemical synthesis”.1 Indeed, most bench-time is
dedicated to making building blocks. Since a large glycosyl donor excess is still needed
for the automated solid-phase synthesis, researchers experience significant setbacks
having to make and remake building blocks. Things are further complicated by the large
variety of carbohydrate structures and sequences. “Unlike the synthesis of peptides and
oligonucleotides, there are no universal building blocks or methods for the synthesis of
all glycans.”2
D-Glucose,

the predominant monosaccharide in plant polysaccharides and

bacterial glycans, is also one of the major components of the mammalian glycome.3
Building blocks of the D-gluco series are often the first compounds tested in practically
all new glycosylation reactions and applications. Every synthetic glycoscience lab makes
glucose building blocks. Paradoxically, glucose 3.1 (Scheme 3.1) remains the hardest
sugar for selective protection due to its trans-trans-trans all-equatorial 2,3,4-triol
arrangement (Scheme 3.1). Methods for selective protection of different positions of
glucose exist, but many suffer from relaxed regioselectivity and/or require multiple steps
with tedious separations of isomers.4 Even excellent concepts including tin-mediated
alkylation,5 phase-transfer reactions,6 TMS-mediated regioselective protection in one
pot,7 etc.,8 all suffer from a limited scope and/or fair regioselectivity.
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The C-2 is a very important position in carbohydrates because protecting groups
at this position have a profound effect on stereoselectivity of glycosylation. The O-2 can
be either alkylated or acylated for the synthesis of either 1,2-cis- or 1,2-trans-linked
glycosides, respectively. For instance, a vast majority of all syntheses of α- (1,2-cis)
glucosides use 2-O-benzylated donors.9 Paradoxically, C-2 is the most difficult position
to benzylate selectively. A few approaches are known, but all provide only fair selectivity.
The regioselectivity suffers during the phase-transfer differentiation of 2- vs. 3-OH,6c
whereas stereoselectivity suffers during glycal-based syntheses that often lead to mixtures
of Glc/Man isomers.10 Hung’s excellent method for the one-pot regioselective protection
provides no access to 2-O-benzylated derivatives at all.11
In addition to selective protections, acyl group migration or other selective
deprotection techniques have proven to be useful reaction pathways to access partially
substituted building blocks for oligosaccharide synthesis.12 A few approaches to employ
such rearrangements to obtain 2-hydroxyl sugars have been developed, but many have
limitations and their scope remains narrow. The classical Helferich’s three-step in-situ
conversion of glucose 3.1 to 1,3,4,6-tetra-O-acetyl--D-glucopyranose 3.2 depicted in
Scheme 3.1 is on practice very elaborate. It requires strict control of the reaction
temperature and reactant addition order, but still provides a low yield of 27%.13
Somewhat more straightforward procedures have been developed for the synthesis of 2OH galactose14 and mannose15 derivatives, but these approaches do not work for the
synthesis of 2-OH glucose 3.2. Our lab’s reinvestigation of the synthesis of 2-OH glucose
led to the discovery of a scalable one-step protocol with cerium(VI) ammonium nitrate
(CAN). This procedure afforded compound 3.2 in 51% isolated yield in one step from

Tinghua Wang | UMSL 2018 | Page 100
acetobromoglucose 3.3 and was cross-validated via the Proven Methods book series.16
Since both Helferich’s and the CAN-mediated reactions provide a mixture of
regioisomers, 2-OH 3.2 and its 1-OH counterpart 3.4, the reaction was thought to proceed
via the intermediacy of an acyloxonium ion. Nevertheless, both the reaction mechanism
and the modes to enhance the 2-OH regioselectivity remain largely unknown. The lack of
the regiocontrol hampers the yields of these reactions. In addition, 2-OH glucose 3.2 can
be purified by crystallization only. That is because the chromatographic purification is
impractical due to the propensity of product 3.2 to rapidly isomerize into its more stable
hemiacetal counterpart 3.4. Reported herein is our first attempt to understand the driving
forces of this reaction and its expansion to other substrates and targets.
Scheme 3.1. Previous methods for the synthesis of 2-OH glucose 3.2

3.2 Results and discussion
The benchmark experiment for the synthesis of 2-OH glucose 3.2 was performed
under the previously established reaction conditions. CAN (1.6 equiv.) was added to a
stirring solution of bromide 3.317 in nitromethane and the reaction mixture was stirred for
18 h at room temperature. After that, the reaction was quenched with water, extracted
with CH2Cl2, the extract was neutralized, dried, and concentrated. The product was
purified by crystallization from diethyl ether to afford white crystalline compound 3.2 in
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51% yield. It is noteworthy that stoichiometric amount of water (as a source of a proton)
is needed to ensure that this reaction proceeds to completion. This requirement is
supported by the fact that no reaction occurred in the presence of molecular sieves in
anhydrous nitromethane. The addition of a large excess of water helps to accelerate the
reaction, but it also significantly diminishes the regioselectivity towards the formation of
2-OH isomer 3.2.
Our attempts to improve the CAN-mediated reaction rates and the yield of
product 3.2 began with the investigation of various precursors shown in Figure 3.1. The
reaction with glucose pentaacetate 3.5 was very sluggish, and only a trace amount of the
desired product 3.2 was observed. The addition of BF3·OEt2 helped to accelerate this
reaction, but also diminished the regioselectivity of product 3.2 vs. hemiacetal 3.4. The
outcome of the reaction with ethylthio glycoside 3.618 was very similar to that of the
reaction with bromide 3.3 and 2-OH glucose 3.2 was isolated in 52% yield. Accordingly,
benzoylated compounds 3.7-3.919 were investigated as starting materials. However, no
reactions occurred under the standard CAN-mediated activation conditions. Attempts to
investigate building blocks bearing benzylidene protecting group failed because acetals
are readily removed in the presence of CAN.
Figure 3.1. Preliminary investigation of various precursors 3.5-3.9 for the synthesis
of 2-OH glucose 3.2
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Results of this preliminary study showed that only reactions with acetylated
bromide 3.3 and thioglycoside 3.6 as precursors provide acceptable yields for the
formation of 3.2 (around 50%). Still, these reactions are rather sluggish and require at
least 16-18 h to complete. This is possibly in part due to a fairly low solubility of CAN in
nitromethane, the reaction solvent used in all preliminary experimentations. Hence, as the
next step forward we screened other solvents to achieve a more suitable environment for
reactions with CAN. Indeed, acetonitrile, DMF, and DMSO, all accelerated the reaction
with glycosyl bromide precursor 3.3 (14 h, 5 h, and 1 h, respectively). However, only
reactions in acetonitrile maintained the regioselectivity of product 3.2 vs. hemiacetal 3.4,
similar to that achieved in reactions in nitromethane. With this incremental success, we
added acetonitrile in future experimentations. Interestingly, nitromethane was the only
solvent in this series that worked well with S-ethyl glycoside 3.6 precursor.
The most commonly proposed mechanism of cerium(IV)-mediated organic
reactions involves generation of the radical-cation species along with the reduction of
Ce(IV) to Ce(III) with subsequent regeneration of Ce(IV) in the presence of an oxidant
that is specifically added for this purpose.20 To investigate whether the CAN-mediated
formation of 2-OH glucose 3.2 follows this radical-regenerative pathway, we investigated
whether catalytic amounts of CAN would be sufficient to convert precursors 3.3 and 3.6
to the desired product. As a result of this experimentation, we determined that compound
3.3 indeed can be converted to 2-OH glucose 3.2 in the presence of sub-stoichiometric
amounts of CAN (range investigated 10-90 mol %) in acetonitrile. The optimal balance
between the reaction time, the yield of product 3.2, and the regioselectivity of 2-OH
versus 1-OH formation was achieved in the presence of 0.5 equiv. of CAN. This reaction
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allowed us to maintain the same selectivity of product 3.2 (3.2/3.4 = 4/1) as that achieved
with stoichiometric amount of CAN. We also noticed that typical reactions of bromide
3.3 were accompanied by the formation of foul-smelling brown-red fumes, which were
determined to be bromine by a standard test reaction with AgNO3 solution. Bromine that
was produced by the oxidation of bromide 3.3, along with the reduction of Ce(IV) to
Ce(III), can act as the co-oxidant to regenerate Ce(IV) from Ce(III) and thus sustain the
catalytic cycle of the reaction.
In a strong contrast, the conversion of thioglycoside 3.6 to the 2-OH derivative
3.2 was incomplete in the presence of catalytic amounts of CAN, but could be driven to
the completion by adding at least a stoichiometric amount of CAN. This reaction was
accompanied by the formation of a white precipitate that was determined to be
(NH4)2[Ce(III)(NO3)5]·2H2O (3.10) by X-ray crystallography (Figure 3.2). Based on the
preliminary in-situ NMR studies, we believe that the thioglycoside activation proceeds
via the oxidation with CAN, which requires quantitative CAN. The reaction originated
from bromide 3.3 performed in the presence of added ethanethiol also produced salt 3.10,
and required stoichiometric CAN to go to completion. A reaction of ethanethiol alone
with CAN in acetonitrile also produced 3.10, and the NMR experiments showed a strong
shift of the methylene signal in comparison with that in ethanethiol. Alongside, phenyl
2,3,4,6-tetra-O-acetyl-1-thio-β-D-glucopyranoside 3.1121 was investigated providing
comparable results. Based on the chemical shifts recorded, we believe that thiols are
oxidized to the corresponding sulfonic acids, which requires stoichiometric amounts of
CAN. For this reason, catalytic amounts of CAN are insufficient to drive the conversion
of S-ethyl glycoside 3.6 into 2-OH glucose 3.2 to completion.
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Figure 3.2. Crystal Structure of (NH4)2[Ce(III)(NO3)5]·2H2O (3.10)

Having determined the involvement of CAN and the beneficial role of acetonitrile
in accelerating the reaction of bromide 3.3, we turned our attention to identifying more
effective modes for accelerating the rates of the formation of 2-OH glucose 3.2. With this
intention in mind, we chose the more reactive glycosyl iodide 3.1222 as the starting
material. Indeed, the reaction of iodide 3.12 in the presence of 0.5 equiv. of CAN in
acetonitrile was much faster (3 h), but it also led to a reduced regioselectivity for the
formation of 3.2 vs. 3.4 (3.2/3.4 = 2/1). Intriguingly, an additional spot, right underneath
the spot corresponding to the starting material 3.12, was observed by TLC during the
reaction. This additional compound was not present in the final reaction mixture, which
was indicative of the presence of a quasi-stable reaction intermediate en route to the
products. All initial attempts to isolate this additional compound/intermediate from the
prematurely quenched reaction mixtures by column chromatography have failed.
Persistent in-situ tracking of reaction mixtures with NMR, gave us a hypothesis that this
additional compound might have been glycosyl nitrate 3.13 (Scheme 3.2). This elusive
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intermediate was reported previously,23 but we needed the additional proof to support this
hypothesis. On the basis of this discovery, reactions initiated from bromide 3.3 were
reinvestigated and the same intermediate 3.13 was detected by NMR (Scheme 3.2a). The
formation of nitrate 3.13 was previously overlooked because this compound has the same
retention factor (Rf) as that of bromide 3.3. Based on this evidence, we concluded that the
synthesis of 3.2 with CAN undergoes the reaction pathway via the intermediacy of
reactive glycosyl nitrate 3.13 that gets hydrolyzed into 2-OH 3.2 (and its 1-OH
counterpart 3.4).
Scheme 3.2. The discovery of glycosyl nitrate intermediate 3.13

a) 3.3 + CAN
b) 3.12 + CAN
c) 3.13

Since the synthesis of 2-OH glucose 3.2 was found to proceed via glycosyl nitrate
intermediate 3.13, we investigated other nitrate salt reagents with the general idea of
investigating their applicability to the synthesis of glycosyl nitrates and, by extension,
compound 3.2. Among screened common ammonium, potassium, silver(I), copper(II),
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magnesium(II), led(II), barium(II), and ferric nitrates, only AgNO3 provided the
enhancement of the regioselectivity towards 2-OH product over the original procedure
with CAN. Thus, the highest ratio of 3.2 to 3.4 (5/1) was obtained from bromide 3.3 in
the presence of 50 mol % of AgNO3. This approach also allowed us to synthesize and
isolate nitrate 3.13 by the reaction of bromide 3.3 with stoichiometric AgNO3 in the
presence of molecular sieves in dry acetonitrile (Scheme 3.3). As a result, nitrate 3.13
was obtained in a pure crystalline form in 77% yield and its structure was confirmed by
spectroscopic and crystallographic techniques. It should be noted that AgNO3 (in
combination with γ-collidine in benzene) was previously used for the synthesis of nitrate
3.13.23
Scheme 3.3. Synthesis of acetylated and benzoylated glucosyl nitrates 3.13 and 3.14

The proton NMR spectrum of 3.13, partially depicted in Scheme 3.2c, is
consistent with the previously recorded reaction mixtures resulting from halides 3.3 and
3.12 and CAN (Scheme 3.2a and b). The X-ray crystal structure of nitrate 3.13 is depicted
in Figure 3.3a. In a similar fashion, benzoylated glycosyl nitrate 3.14 was synthesized by
reaction of bromide 3.7 with stoichiometric AgNO3 in the presence of molecular sieves in
dry acetonitrile (Scheme 3.3). As a result, nitrate 3.14 was obtained in a pure crystalline
form in 91% yield and its structure was confirmed by spectroscopic and crystallographic
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techniques. The X-ray crystal structure of nitrate 3.14 is depicted in Figure 3.3b.
Figure 3.3. X-Ray structures of (a) acetylated nitrate 3.13 and (b) its benzoylated
counterpart 3.14
(a)

3.13
(b)

3.14

When the crystalline glycosyl nitrate 3.13 was re-dissolved in acetonitrile, 2-OH
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derivative 3.2 was readily formed in 6 h in the absence of any additional reagents. Even a
better regioselectivity (3.2/3.4 = 6/1) was recorded in this transformation. A preparativescale (3-5 g) synthesis followed by the purification by crystallization from diethyl ether
gave 2-OH glucose 3.2 in 75% yield. Based on the experimental evidence obtained by the
in-situ reaction monitoring by NMR and eventually the isolation and characterization of
the reaction intermediate, we propose the following mechanism of this reaction (Scheme
3.4). Silver(I)-assisted bromide leaving group departure leads to the formation of the
glycosyl nitrate. This may proceed via the intermediacy of oxacarbenium and
acyloxonium intermediates. However, this could also proceed via a concerted
displacement via a six-membered intermediate A shown in Scheme 3.4. While we do not
yet have sufficient experimental evidence to unambiguously prove this Walden-like
inversion pathway,24 this hypothesis is supported by previous observations. As shown by
many since the pioneering work by Isbell,25 the displacement of -bromides under
Koenigs-Knorr conditions26 can proceed via the SN2-like mechanism. We believe that the
complete β-selectivity obtained in the synthesis of glycosyl nitrates may also be due to
the occurrence of Walden inversion, not the participatory effect of the 2-O-acetyl
substituent. The glycosyl nitrate intermediate can readily dissociate to form the
acyloxonium ion intermediate B. The latter is then attacked by the molecule of water to
form the tetrahedral intermediate C upon the loss of the proton. This hydrate intermediate
C is too unstable to be isolated, but if essentially the same transformation in performed in
the presence of methanol and molecular sieves a stable methyl 1,2-orthoacetate is formed
instead. Since the oxygen at C-2 in C is more basic than its anomeric counterpart, the
protonation is preferentially occurring at C-2 leading to 2-OH derivative as the kinetic
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product. The alternative pathway via the protonation of O-1 is slower, but it can be
favored in the presence of a large excess of water. In these cases, decreased
regioselectivity towards the formation of the 2-OH product is observed.
Scheme 3.4. A plausible reaction mechanism for the synthesis of 2-OH with silver
nitrate

It has become common knowledge that aqueous acidic conditions promote
isomerization of 2-OH glucose 3.2 into hemiacetal 3.4. However, when compounds 3.2
and 3.4 were treated individually with AgNO3 or with HNO3 in acetonitrile no product
interchange was detected. This implies that these reaction conditions do not promote the
isomerization of 2-OH glucose 3.2 into its thermodynamically more stable 1-OH
counterpart. Besides, bromide 3.3 is very stable in acetonitrile and no hydrolysis would
occur without adding nitrate reagents. Bromide 3.3 would slowly hydrolyze in the
presence of silver(I) oxide producing hemiacetal 3.4, but not 2-OH glucose 3.2. Similarly,
the methyl 1,2-orthoester would remain stable under the reaction conditions, but would
slowly decompose into a mixture of a hemiacetal and methyl glycoside, but not 2-OH
glucose, in the acidic medium. Based on these experiments, we conclude that the
formation of nitrate 3.13 is fundamental to the high regioselectivity obtained for the
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formation of 2-OH glucose 3.2.
Having achieved certain success in the synthesis of 2-OH glucose 3.2, we turned
our attention towards further modification of this regioselectively protected intermediate.
Benzylation of 2-OH glucose 3.2 with benzyl triflate27 or 2,2,2-trichloroacetimidate28 has
previously been documented. Other reagents including the Dudley reagent29 and benzyl
N-aryltrifluoroacetimidate30 may also be suitable for this purpose. Therefore, herein we
predominantly investigated ester-type protecting groups. This study included the
comparative investigation of conventional stepwise approaches and more streamlined
one-pot conversion-protection sequences. The levulinoyl (Lev) group was introduced by
using

levulinic

acid

(LevOH)

dimethylaminopropyl)carbodiimide

in

(EDC)

the
as

the

presence

of

coupling

1-ethyl-3-(3-

reagent

and

4-

Dimethylaminopyridine (DMAP). A sequential two-step conversion of bromide 3.3 in the
presence of CAN with the subsequent treatment with LevOH/EDC/DMAP afforded 2-Olevulinoyl derivative 3.15 in 63% yield (entry 1, Table 3.1). When essentially the same
sequence was performed in the presence of AgNO3 instead of CAN, product 3.15 was
obtained in 71% yield (entry 2). The direct conversion of nitrate 3.13 into 2-O-levulinoyl
tetraacetate 3.15 in the presence of LevOH/EDC/DMAP produced the product in 85%
yield (entry 3). The picoloyl (Pico) group was introduced in a similar fashion using
picolinic acid (PicoOH), EDC and DMAP. Reactions of bromide 3.3 with CAN, bromide
3.3 with AgNO3, and nitrate 3.13 followed by esterification with PicoOH/EDC/DMAP
afforded 2-O-picoloyl tetraacetate 3.16 in 49%, 51%, and 67% yield, respectively (entries
4-6).

Along

similar

lines,

we

have

also

investigated

the

introduction

of

trifluoromethanesulfonyl (triflic, Tf) ester, a possible intermediate for the synthesis of
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mannosamine and its derivatives. Mannosamine is a common component of bacterial
glycans31 and an important biosynthetic precursor of sialic acids.32 Reactions of bromide
3.3 with CAN, bromide 3.3 with AgNO3, and nitrate 3.13 followed by sulfonylation with
triflic anhydride in the presence of pyridine afforded 2-O-trifluoromethanesulfonyl
tetraacetate 3.17 in 54%, 52%, and 67% overall yield, respectively (entries 7-9).
Benzoylated glucosyl nitrate 3.14 could also be converted into 2-triflyl tetrabenzoate 3.18
in 54% yield (entry 10).
Table 3.1. The synthesis of selectively 2-O-esterified derivatives 3.15-3.18

Entry Starting Material

Additive

Conditions Product Yield

1

3.3

CAN (0.5 equiv.)

A

3.15

63%

2

3.3

AgNO3 (0.5 equiv.)

A

3.15

71%

3

3.13

none

A

3.15

85%

4

3.3

CAN (0.5 equiv.)

B

3.16

49%

5

3.3

AgNO3 (0.5 equiv.)

B

3.16

51%

6

3.13

none

B

3.16

67%

7

3.3

CAN (0.5 equiv.)

C

3.17

54%

8

3.3

AgNO3 (0.5 equiv.)

C

3.17

52%

9

3.13

none

C

3.17

67%
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10

3.14

none

C

3.18

54%

3.3 Conclusions
Reported herein is an improved method for the synthesis of 2-OH glucose, which
is an important synthon for production of differentially protected building blocks of Dglucose. It was discovered that the synthesis of 2-OH glucose proceeds via the
intermediacy of the glycosyl nitrate. Glycosyl nitrates of the 2-aminosugars have been
investigated quite extensively as the products of the azidonitration reaction of glycals. 33
Glycosyl nitrates of neutral, per-oxygenated sugars, are much more rare and their utility
in synthesis remains practically unexplored beyond a few isolated examples.33-34
Esterification of C-2 hydroxyl group could be performed without the isolation of the 2OH glucose intermediate. This, along with the previously established methods for 2-Obenzylations under acidic or neutral conditions, offers a convenient route for the synthesis
of important intermediates and building blocks for oligosaccharide synthesis.

3.4 Experimental
3.4.1 General methods
The reactions were performed using commercial reagents. The ACS grade
solvents used for reactions were purified and dried in accordance with standard
procedures. Cerium(IV) ammonium nitrate (CAN) was dried for 6 h under reduced
pressure. CH2Cl2 was distilled from CaH2 directly prior to application. Molecular sieves
(3 Å) used for reactions, were crushed and activated in vacuo at 390 °C for 8 h in the first
instance and then for 2-3 h at 390 °C directly prior to application. Reactions were
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monitored by TLC on Kieselgel 60 F254 (EM Science). The compounds were detected
by examination under UV light and by charring with 10% sulfuric acid in methanol.
Column chromatography was performed on silica gel 60 (70-230 mesh). Solvents were
removed under reduced pressure at <40 oC. Optical rotations were measured with a Jasco
P-2000 polarimeter. 1H NMR spectra were recorded at 300 MHz and

13

C NMR spectra

were recorded at 75 MHz. The 1H chemical shifts are referenced to the signal of the
residual CHCl3 (δH = 7.26 ppm) for solutions in CDCl3. The

13

C chemical shifts are

referenced to the central signal of CDCl3 (δC = 77.23 ppm) for solutions in CDCl3.
HRMS were recorded with a JEOL MStation (JMS-700) Mass Spectrometer.

3.4.2 Synthesis of 1,3,4,6-tetra-O-acetyl-α-D-glucopyranose (3.2)
General procedure for the synthesis of 1,3,4,6-tetra-O-acetyl-α-D-glucopyranose
(3.2) with CAN (Method 1). CAN (33.3 mg, 0.061 mmol) was added to a solution of
bromide 3.3 (50 mg, 0.121 mmol) in acetonitrile (1.0 mL) and water (2.2 μL), and the
resulting reaction mixture was stirred for 16-20 h at rt. After that, the volatiles were
removed under reduced pressure. The residue was dissolved in CH2Cl2 (~10 mL) and
washed with water (5 mL), 10% aq. Na2S2O3 (5 mL), and water (3 × 5 mL). The organic
layer was separated, dried over MgSO4, and concentrated in vacuo. The residue was
crystallized from dry diethyl ether to afford the title compound as white crystals.

General procedure for the synthesis of 1,3,4,6-tetra-O-acetyl-α-D-glucopyranose
(3.2) with AgNO3 (Method 2). AgNO3 (10.3 mg, 0.061 mmol) was added to a solution
of bromide 3.3 (50 mg, 0.121 mmol) in acetonitrile (1.0 mL) and water (2.2 μL), and the
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resulting reaction mixture was stirred for 16-20 h at rt. After that, the volatiles were
removed under reduced pressure. The residue was dissolved in CH2Cl2 (~10 mL) and
washed with water (5 mL), 10% aq. Na2S2O3 (5 mL), and water (3 × 5 mL). The organic
layer was separated, dried over MgSO4, and concentrated in vacuo. The residue was
crystallized from dry diethyl ether to afford the title compound as white crystals.

Preparative-scale synthesis of 1,3,4,6-Tetra-O-acetyl-α-D-glucopyranose (3.2) from
nitrate 3.13. Nitrate 3.13 (3.68 g, 9.36 mmol) was dissolved in acetonitrile (35 mL) and
water (0.15 mL), and the resulting reaction mixture was stirred for 6 h at rt. After that, the
volatiles were removed under reduced pressure. The residue was dissolved in CH2Cl2
(~100 mL) and washed with water (30 mL), 10% aq. Na2S2O3 (30 mL), and water (3 ×
10 mL). The organic layer was separated, dried over MgSO4, and concentrated in vacuo.
The residue was crystallized from dry diethyl ether (~30 mL) to afford the title compound
(2.44 g, 75% yield) as colorless crystals. Analytical data for 3.2: Rf = 0.40 (ethyl
acetate/hexanes, 1/1, v/v); m. p. 98-99 °C (diethyl ether); [α]D23 +115.0 (c = 1, CHCl3);
Lit. data:13 m. p. 98–100 ˚C, [α]D +141 (c = 3.2, CHCl3); 1H n.m.r.: δ, 2.03, 2.06, 2.08,
2.18 (4 s, 12H, 4 × COCH3), 2.66 (d, 1H, J2,OH = 8.2 Hz, OH), 3.88 (ddd, 1H, J2,3 = 9.8
Hz, H-2), 3.98-4.04 (m, 1H, J5,6a = 2.5 Hz, J5,6b = 4.3 Hz, H-5), 4.05 (dd, 1H, J6a,6b = 12.6
Hz, H-6a), 4.25 (dd, 1H, H-6b), 5.07 (dd, 1H, J4,5 = 9.8 Hz, H-4), 5.25 (dd, 1H, J3,4 = 9.8
Hz, H-3), 6.22 (d, 1H, J1,2 = 3.8 Hz, H-1) ppm; 13C n.m.r.: δ, 20.7, 20.8, 20.9, 21.1, 61.7,
67.6, 69.7, 69.8, 73.2, 91.4, 169.4, 169.7, 170.9, 171.5 ppm; HR-FAB MS [M+Na]+ calcd
for C14H20O10Na 371.0954, found 371.0970.
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3.4.3 Synthesis of nitrates 3.13 and 3.14
2,3,4,6-Tetra-O-acetyl-β-D-glucopyranosyl nitrate (3.13). AgNO3 (2.2 g, 12.9 mmol)
was added to a solution of bromide 3.3 (5.0 g, 12.2 mmol) in dry acetonitrile (30 mL) and
the resulting mixture was stirred for 5 min at rt. After that, the solids were filtered off
through a pad of Celite and the filtrate was concentrated under reduced pressure. The
residue was dissolved in CH2Cl2 (~250 mL) and washed with water (50 mL), 1% aq.
NaOH (50 mL), and water (3 × 50 mL). The organic layer was separated, dried over
MgSO4, and concentrated in vacuo. The residue was crystallized from dry diethyl ether
(~40 mL) to afford the title compound (3.68 g, 77% yield) as colorless crystals.
Analytical data for 3.13: Rf = 0.75 (ethyl acetate/hexanes, 1/1, v/v); [α]D22 -4.3 (c = 1,
CHCl3); Lit. data:23 m. p. 96–97 ˚C, [α]D -4 (c 0.4, acetonitrile), -8 (c 1.0, carbon
tetrachloride); 1H n.m.r.: δ, 2.02, 2.04, 2.07, 2.09 (4 s, 12H, 4 × COCH3), 3.87-3.93 (m,
1H, J5,6a = 2.3 Hz, J5,6b = 4.6 Hz, H-5), 4.14 (dd, 1H, J6a,6b = 12.5 Hz, H-6a), 4.29 (dd, 1H,
H-6b), 5.13 (m, 2H, J2,3 = 8.4 Hz, J4,5 = 9.2 Hz, H-2, 4), 5.30 (dd, 1H, J3,4 = 9.2 Hz, H-3),
5.80 (d, 1H, J1,2 = 8.4 Hz, H-1) ppm; 13C n.m.r.: δ, 20.5, 20.6, 20.7, 21.0, 61.2, 67.3, 67.8,
72.6, 72.8, 96.9, 168.9, 169.3, 170.1, 170.6 ppm; HR-FAB MS [M+Na]+ calcd for
C14H19NO12Na 416.0805, found 416.0785

2,3,4,6-Tetra-O-benzoyl-β-D-glucopyranosyl nitrate (3.14).

AgNO3 (0.27 g, 1.60

mmol) was added to a solution of bromide 3.7 (1.00 g, 1.52 mmol) in dry acetonitrile (10
mL) and the reaction mixture was stirred for 5 min at rt. After that, the solids were
filtered off through a pad of Celite and the filtrate was concentrated under reduced
pressure. The residue was dissolved in CH2Cl2 (~75 mL) and was washed with water (30
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mL), 1% aq. NaOH (30 mL), and water (3 × 30 mL). The organic layer was separated,
dried over MgSO4, and concentrated in vacuo. The residue was crystallized from dry
diethyl ether (~10 mL) to afford the title compound (0.88 g, 91% yield) as colorless
crystals. Analytical data for 3.14: Rf = 0.60 (ethyl acetate/hexanes, 3/7, v/v); [α]D22 +46.8
(c = 1, CHCl3); m. p. 94.6–96.0 ˚C; 1H n.m.r.: δ, 4.38 (m, 1H, J5,6a = 5.3 Hz, J5,6b = 3.0
Hz, H-5), 4.50 (dd, 1H, J6a,6b = 12.3 Hz, H-6a), 4.66 (dd, 1H, H-6b), 5.66 (dd, 1H, J2,3 =
9.3Hz, H-2), 5.73 (dd, 1H, J4,5 = 9.3 Hz, H-4), 6.01 (dd, 1H, J3,4 = 9.3 Hz, H-3), 6.15 (d,
1H, J1,2 = 8.2 Hz, H-1), 7.27-7.61 (m, 12H, aromatic), 7.80-8.07 (m, 8H, aromatic) ppm;
13

C n.m.r.: δ, 62.6, 68.5, 68.7, 72.7, 73.5, 97.4, 128.4 (×2), 128.5 (×2), 128.6 (×2),

128.7 (×6), 129.9 (×4), 130.1 (×2), 130.2 (×2), 133.4, 133.7, 133.8, 133.9, 164.8,
165.1, 165.7, 166.2 ppm; HR-FAB MS [M+Na]+ calcd for C34H27NO12Na calcd:
664.1431, found 664.1425.

3.4.4 Synthesis of C-2 substituted sugars 3.15-3.18
1,3,4,6-Tetra-O-acetyl-2-O-levulinoyl-α-D-glucopyranose (3.15).

CAN (33.3 mg,

0.061 mmol, Method 1) or AgNO3 (10.3 mg, 0.061 mmol, Method 2) was added to a
solution of bromide 3.3 (50 mg, 0.121 mmol) in acetonitrile (1.0 mL) and water (2.2 μL),
and the resulting reaction mixture was stirred for 16-20 h at rt. After that, the volatiles
were removed under reduced pressure. The residue was dissolved in CH2Cl2 (~10 mL)
and washed with water (5 mL), 10% aq. Na2S2O3 (5 mL), and water (3 × 5 mL). The
organic layer was separated, dried over MgSO4, and concentrated in vacuo. Crude
residues obtained from bromide 3.3 by Method 1 or 2, or, alternatively, pure nitrate 3.13
were dissolved in dry CH2Cl2 (1.0 mL) and levulinic acid (24.9 mg, 0.214 mmol), EDC
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(55.0 mg, 0.287 mmol) and DMAP (3.5 mg, 0.029 mmol) were added. The resulting
reaction mixture was stirred under argon for 1 h at rt. After that, the reaction mixture was
diluted with CH2Cl2 (~50 mL) and washed with water (10 mL), sat. aq. NaHCO3 (10
mL), and water (3 × 10 mL). The organic layer was separated, dried over MgSO4, and
concentrated in vacuo. The residue was purified by column chromatography on silica gel
(ethyl acetate-toluene gradient elution) to afford the title compound in 63% (from 3.3 by
Method 1), 71% (from 3.3 by Method 2), or 85% (from 3.13) yield, respectively, as a
clear syrup. Analytical data for 3.15: Rf = 0.25 (ethyl acetate/hexanes, 1/1, v/v); [α]D22
+76.4 (c = 1, CHCl3); 1H n.m.r.: δ, 2.00, 2.03, 2.04, 2.11, 2.14 (5 s, 15H, 5 × COCH3),
2.29-2.80 (m, 4H, CH2CH2), 3.99-4.12 (m, 2H, J5,6b = 4.4 Hz, J6a,6b = 12.7 Hz, H-5, H6a), 4.22 (dd, 1H, H-6b), 5.01-5.14 (m, 2H, J2,3 = 9.8 Hz, H-2, 4), 5.44 (dd, 1H, J3,4 = 9.8
Hz, H-3), 6.26 (d, 1H, J1,2 = 3.7 Hz, H-1) ppm; 13C n.m.r.: δ, 20.6, 20.7 (× 2), 20.9, 27.6,
29.7, 37.6, 61.5, 67.8, 69.3, 69.6, 69.8, 89.0, 168.8, 169.4, 170.4, 170.6, 171.5, 206.0
ppm; HR-FAB MS [M+Na]+ calcd for C19H26O12Na 469.1322, found 469.1298.

1,3,4,6-Tetra-O-acetyl-2-O-picoloyl-α-D-glucopyranose (3.16). CAN (33.3 mg, 0.061
mmol, Method 1) or AgNO3 (10.3 mg, 0.061 mmol, Method 2) was added to a solution of
bromide 3.3 (50 mg, 0.121 mmol) in acetonitrile (1.0 mL) and water (2.2 μL), and the
resulting reaction mixture was stirred for 16-20 h at rt. After that, the volatiles were
removed under reduced pressure. The residue was dissolved in CH2Cl2 (~10 mL) and
washed with water (5 mL), 10% aq. Na2S2O3 (5 mL), and water (3 × 5 mL). The organic
layer was separated, dried over MgSO4, and concentrated in vacuo. Crude residues
obtained from bromide 3.3 by Method 1 or 2, or, alternatively, pure nitrate 3.13 were
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dissolved in dry CH2Cl2 (1.0 mL) and picolinic acid (26.5 mg, 0.214 mmol), EDC (55.0
mg, 0.287 mmol), and DMAP (3.5 mg, 0.029 mmol) were added. The resulting reaction
mixture was stirred under argon for 1 h at rt. After that, the reaction mixture was diluted
with CH2Cl2 (~50 mL) and washed with water (10 mL), sat. aq. NaHCO3 (10 mL), and
water (3 × 10 mL). The organic layer was separated, dried over MgSO4, and
concentrated in vacuo. The residue was purified by column chromatography on silica gel
(ethyl acetate-toluene gradient elution) to afford the title compound in 49% (from 3.3 by
Method 1), 51% (from 3.3 by Method 2), or 67% (from 3.13) yield, respectively, as a
white foam. Analytical data for 3.16: Rf = 0.20 (ethyl acetate/hexanes, 1/1, v/v); [α]D22
+104.0 (c = 1, CHCl3); 1H n.m.r.: δ, 1.94, 2.03, 2.08, 2.14 (4 s, 12H, 4 × COCH3), 4.034.21 (m, 2H, J5,6b = 3.8 Hz, J6a,6b = 12.3 Hz, H-5, 6a), 4.28 (dd, 1H, H-6b), 5.21 (dd, 1H,
J4,5 = 9.8 Hz, H-4), 5.36 (dd, 1H, J2,3 = 10.3 Hz, H-2), 5.67 (dd, 1H, J3,4 = 9.8 Hz, H-3),
6.46 (d, 1H, J1,2 = 3.7 Hz, H-1), 7.46-8.73 (m, 4H, aromatic) ppm;

13

C n.m.r.: δ, 20.6,

20.7, 20.8, 20.9, 61.4, 67.7, 69.8, 69.9, 70.4, 89.0, 125.3, 127.4, 137.2, 146.6, 150.4,
163.5, 168.7, 169.4, 170.2, 170.7 ppm; HR-FAB MS [M+Na]+ calcd for C20H23NO11Na
476.1169, found 476.1125.

1,3,4,6-Tetra-O-acetyl-2-O-trifluoromethanesulfonyl-α-D-glucopyranose

(3.17).

CAN (33.3 mg, 0.061 mmol, Method 1) or AgNO3 (10.3 mg, 0.061 mmol, Method 2) was
added to a solution of bromide 3.3 (50 mg, 0.121 mmol) in acetonitrile (1.0 mL) and
water (2.2 μL), and the resulting reaction mixture was stirred for 16-20 h at rt. After that,
the volatiles were removed under reduced pressure. The residue was dissolved in CH2Cl2
(~10 mL) and washed with water (5 mL), 10% aq. Na2S2O3 (5 mL), and water (3 × 5
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mL). The organic layer was separated, dried over MgSO4, and concentrated in vacuo.
Crude residues obtained from bromide 3.3 by Method 1 or 2, or, alternatively, pure nitrate
3.13 were dissolved in pyridine (1.0 mL) and CH2Cl2 (0.1 mL) and triflic anhydride (36
μL, 0.214 mmol) was added dropwise under argon at 0 °C. The resulting reaction mixture
was stirred for 1 h at 0 °C rt. After that, the volatiles were removed under reduced
pressure, and the residue was co-evaporated with toluene. The residue was diluted with
CH2Cl2 (~50 mL) and washed with water (10 mL), sat. aq. NaHCO3 (10 mL), and water
(3 × 10 mL). The organic layer was separated, dried over MgSO4, and concentrated in
vacuo. The residue was purified by column chromatography on silica gel (ethyl acetatetoluene gradient elution) to afford the title compound in 54% (from 3.3 by Method 1),
52% (from 3.3 by Method 2), or 67% (from 3.13) yield, respectively, as a white foam.
Analytical data for 3.17 was in accordance with that reported previously.35 HR-FAB MS
[M+Na]+ calcd for C15H19F3O12SNa 503.0447, found 503.0460.

1,3,4,6-Tetra-O-benzoyl-2-O-trifluoromethanesulfonyl-α-D-glucopyranose (3.18).
Nitrate 3.14 (811 mg, 1.26 mmol) was dissolved in acetonitrile (8.0 mL) and water (23
μL) and the resulting mixture was stirred for 24 h at rt. After that, the volatiles were
removed under reduced pressure. The residue was dissolved in CH2Cl2 (∼100 mL) and
washed with water (30 mL), sat. aq. NaHCO3 (30 mL), and water (3 × 30 mL). The
organic layer was separated, dried over MgSO4, and concentrated in vacuo. Crude residue
was dissolved in pyridine (10 mL) and CH2Cl2 (1.0 mL) and triflic anhydride (0.32 mL,
1.90 mmol) was added dropwise under argon at 0 °C. The resulting reaction mixture was
stirred for 1 h at 0 °C. After that, the volatiles were removed under reduced pressure, and
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the residue was co-evaporated with toluene. The residue was diluted with CH2Cl2 (∼100
mL) and washed with water (30 mL), sat. aq. NaHCO3 (30 mL), and water (3 × 30 mL).
The organic layer was separated, dried over MgSO4, and concentrated in vacuo. The
residue was purified by column chromatography on silica gel (ethyl acetate–hexanes
gradient elution) to afford the title compound in 54% yield as a white amorphous solid.
Analytical data for 3.18: Rf = 0.50 (ethyl acetate/hexanes, 3/7, v/v); [α]D22 +60.7 (c = 1,
CHCl3); 1H n.m.r.: δ, 4.40-4.50 (m, 1H, H-6a), 4.65-4.52 (m, 2H, H-5, 6b), 5.29 (dd, 1H,
J2,3 = 10.0 Hz, H-2), 5.76 (dd, 1H, J4,5 = 9.9 Hz, H-4), 6.25 (dd, 1H, J3,4 = 9.9 Hz, H-3),
6.82 (d, 1H, J1,2 = 3.8 Hz, H-1), 7.31-7.75 (m, 12H, aromatic), 7.88-8,04 (m, 6H,
aromatic), 8.14-8.22 (m, 2H, aromatic) ppm;

13

C n.m.r.: δ, 62.0, 68.7, 69.5, 70.4, 80.2,

89.1, 118.3 (q), 128.1, 128.2, 128.3, 128.5 (× 2), 128.6 (× 2), 129.1 (× 2), 129.4, 129.9
(× 2), 130.0 (× 4), 130.3 (× 2), 130.4 (× 2), 133.9 (× 2), 134.5 (× 2), 164.0, 165.1,
165.5, 166.1 ppm; HR-FAB MS [M+Na]+ calcd for C35H27F3O12SNa 751.1073, found
751.1064.

3.4.5 X-ray structure determination
Crystals of appropriate dimension were obtained by slow evaporation. Single crystals of
appropriate dimensions were mounted on MiTeGen cryoloops in random orientations.
Preliminary examination and data collection were performed using a Bruker X8 Kappa
Apex II Charge Coupled Device (CCD) Detector system single crystal X-Ray
diffractometer equipped with an Oxford Cryostream LT device. All data were collected
using graphite monochromated Mo K radiation (= 0.71073 Å) from a fine focus sealed
tube X-Ray source. Preliminary unit cell constants were determined with a set of 36
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narrow frame scans. Typical data sets consist of combinations of  and  scan frames
with typical scan width of 0.5 and counting time of 15 seconds/frame at a crystal to
detector distance of 4.0 cm. The collected frames were integrated using an orientation
matrix determined from the narrow frame scans. Apex II and SAINT software packages
(Bruker Analytical X-Ray, Madison, WI, 2010) were used for data collection and data
integration. Analysis of the integrated data did not show any decay. Final cell constants
were determined by global refinement of reflections harvested from the complete data
set. Collected data were corrected for systematic errors using SADABS (Bruker
Analytical X-Ray, Madison, WI, 2010) based on the Laue symmetry using equivalent
reflections.
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4.1 Introduction
With recent advances in the area of glycomics,1 we now know that half of the
proteins in the human body are glycosylated2 and cells present a multitude of
glycostructures.3 Glycan and glycoconjugate biomarkers are present in all body fluids,
able to transmit a plethora of biological information, and hence offer fantastic
opportunities for diagnostics. Changes in the level and distribution of glycans as well as
changes in glycosylation and branching patterns can indicate the presence and
progression of a disease.4 With improved understanding of the functions of carbohydrates
the demand for the development of new glycosylation reactions that will offer new
capabilities for obtaining complex glycan biomarkers has increased.
Recently we reported the synthesis of 1,3,4,6-tetra-O-acetyl-α-D-glucopyranose
(2-OH glucose) wherein glycosyl nitrates were found to be the key intermediates.5
Glycosyl nitrates have been known for years, but their application was mainly limited to
their use as precursors for other leaving groups after azidonitration reaction of glycals. 6
Another, less known application, is the synthesis of 1,2-orthoesters.7 However, glycosyl
nitrates have never been glycosidated beyond the synthesis of aliphatic glycosides of
aminosugars with charged nucleophiles8 or under microwave irradiation conditions.6b The
ability to form 2-OH glucose from glycosyl nitrates without additional reagents implies
that the anomeric nitro group can act as a suitable leaving group in glycosylation.
Reported herein is our first attempt to study glycosyl nitrates as glycosyl donors in
chemical glycosylation reactions with a variety of sugar alcohols as glycosyl acceptors.
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4.2 Results and discussion
A preliminary series of experiments involved reactions promoted with different
Lewis acids, common in many glycosylation reactions with reactive donors. However,
reactions in the presence of FeCl3, ZrCl4, SnCl4 or TMSOTf were sluggish, and some
resulted in the preferential formation of the corresponding 1,2-orthoester instead, albeit in
moderate yields. A preliminary set of experiments with transition metal triflates was far
more successful. Whereas AgOTf and Cu(OTf)2 still led to the formation of substantial
amounts of the 1,2-orthoester along with some glycoside, Bi(OTf)3 and Ba(OTf)2
provided the highest conversion rates and yields of the desired O-glycoside product.
Thus, when benzoylated glucosyl nitrate 4.15 and primary acceptor 4.29 were coupled in
the presence of sub-stoichiometric Bi(OTf)3 (0.5 equiv.) in acetonitrile (CH3CN),
disaccharide 4.3 was obtained in 32% yield, albeit without any detectable 1,2-orthoester
by-product formation (Table 4.1, entry 1). When excess Bi(OTf)3 (1.1 or 1.5 equiv.) was
used, the yield of disaccharide 4.3 increased to 38% and 45% (entries 2 and 3,
respectively). However, the formation of the product was accompanied by the formation
of

the

nitrate-transfer

by-product,

methyl

2,3,4-tri-O-benzyl-6-O-nitro-α-D-

glucopyranoside. In reactions between donor 4.1 and acceptor 4.2 in presence of
Ba(OTf)2 (1.1 or 1.5 equiv.) in CH3CN disaccharide 4.3 was obtained in 65% and 63%
yield (entries 4 and 5). However, the corresponding 1,2-orthoester was also formed as the
side product. We have also investigated 2,3,4,6-tetra-O-acetyl-β-D-glucopyranosyl
nitrate5 as glycosyl donor. These glycosylations, however, were much less efficient due to
a number of side reactions leading to the predominance of the donor-acceptor acetyl
transfer products (no data shown).
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Table 4.1. The establishment and optimization of reaction conditions for the
glycosidation of per-benzoylated glucosyl donor 4.1 with glycosyl acceptor 4.2

a
b

Entry
1
2
3
4
5

Equiv. of 4.1
1.1
1.1
1.1
1.1
1.1

Promoter (equiv.)
Bi(OTf)3 (0.5)
Bi(OTf)3 (1.1)
Bi(OTf)3 (1.5)
Ba(OTf)2 (1.1)
Ba(OTf)2 (1.5)

Solvent
CH3CN
CH3CN
CH3CN
CH3CN
CH3CN

Yield of 4.3
32%
38%a
45%a
65%b
63%b

6
7
8
9
10
11

1.1
1.1
1.1
1.1
1.2
1.2

Yb(OTf)3 (1.1)
Yb(OTf)3 (1.5)
Yb(OTf)3 (1.1)
Yb(OTf)3 (1.5)
Yb(OTf)3 (1.5)
Yb(OTf)3 (1.5)

CH3CN
CH3CN
Et2O
Et2O
Et2O
CH3CN

57%
62%
74%
78%
85%
63%

12
13
14

1.2
1.2
1.5

Yb(OTf)3 (1.5)
Yb(OTf)3 (1.5)
Yb(OTf)3 (1.5)

55%
53%
91%

15

1.2

Yb(OTf)3 (1.5)

16

1.2

Yb(OTf)3 (1.5)

17

1.2

Yb(OTf)3 (1.5)

18

1.2

Yb(OTf)3 (1.5)

19

1.2

Yb(OTf)3 (1.5)

20

1.2

Yb(OTf)3 (1.5)

21

1.2

Er(OTf)3 (1.5)

22

1.2

Gd(OTf)3 (1.5)

23

1.2

Sm(OTf)3 (1.5)

24

1.2

Ce(OTf)3 (1.5)

CH2Cl2
1,2-DCE
Et2O
Et2O/CH2Cl2,
4/1, v/v
Et2O/CH2Cl2,
1/1, v/v
Et2O/CH2Cl2,
1/4, v/v
Et2O/1,2-DCE,
5/1, v/v
Et2O/1,2-DCE,
1/1, v/v
Et2O/1,2-DCE,
1/5, v/v
Et2O/1,2-DCE,
1/1, v/v
Et2O/1,2-DCE,
1/1, v/v
Et2O/1,2-DCE,
1/1, v/v
Et2O/1,2-DCE,
1/1, v/v

76%
83%
75%
78%
88%
79%
77%
76%
61%
60%

Methyl 2,3,4-tri-O-benzyl-6-O-nitro-α-D-glucopyranoside by-product was also formed.
The corresponding 1,2-orthoester byproduct was also formed.
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Having established that glycosyl nitrates can indeed serve as potential glycosyl
donors for O-glycosylation, we were still somewhat disappointed by the conversion rates
and the formation of a number of by-products. In order to address these issues, we turned
the attention to investigating lanthanide(III) triflates that are known to act as nitrate
capture reagents.10 We assumed that the application of lanthanides would be beneficial
for our reaction in order to prevent the nitrate-transfer products observed in some
preliminary experiments. The glycosylation reaction typically begins by the formation of
the activated donor-promoter complex as a result of the interaction of the leaving group
and the promoter. In the presence of the lanthanide ions the nitrate leaving group will be
activated via the formation of a stable bidentate complex as shown in Scheme 4.1.11 This
anticipated pathway differentiates the glycosyl nitrate leaving group from other leaving
groups wherein the activation takes place in a monodentate manner.12
Scheme 4.1. Proposed mechanism of the nitrate activation with lanthanides

Upon the subsequent dissociation of the glycosyl donor, and expulsion of the
activated leaving group in the rate-determining step (RDS), an oxacarbenium ion is
typically formed. Other intermediates may also form at this stage with or without a
counter-anion or the reaction solvent involvement. As a consequence of the sp2-
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hybridization of the anomeric carbon, the subsequent glycosyl acceptor (ROH) attack is
possible either from the bottom or the top face of the ring leading to the formation of a
mixture of diastereomers. Reactions of glycosyl donors equipped with the neighboring
participating acyl group are typically 1,2-trans-selective due to the intermediacy of the
acyloxonium ion. Once the proton transfer occurs, the formation of the glycosidic bond is
irreversible (the termination step).13
Lanthanide ions with higher charge-to-size ratio, such as Yb(III), are expected to
bind the nitrate group more strongly than those with smaller ratios. Hence, we selected
Yb(OTf)3 as the promoter for the subsequent study. To our delight, a clean reaction
between nitrate donor 4.1 and acceptor 4.2 in presence of Yb(OTf)3 (1.1 or 1.5 equiv.)
was observed, and no side products were detected. However, the reaction was still fairly
sluggish and disaccharide 4.3 was obtained in 57% and 62% yield in 18 h (entries 6 and
7, respectively). Despite fairly modest yields obtained, we felt that this result was
sufficient to begin further investigations in order to refine the reaction conditions. The
next step to improve the reaction rate and enhance the yield of the glycosylation reaction
was to investigate different solvents in the Yb(OTf)3-promoted reactions. The yield of
disaccharide 4.3 was increased to 74% when the glycosylation reaction between donor
4.1 and acceptor 4.2 was performed in the presence of Yb(OTf)3 (1.1 equiv.) in diethyl
ether (Et2O) as the solvent (entry 8). Increasing the amount of the promoter to 1.5 equiv.
led to a further increase in the yield of disaccharide 4.3 (78%, entry 9).
At this stage we switched to investigating the amount of the glycosyl donor on the
outcome of this reaction. The use of donor 4.1 in a higher excess, 1.2 equiv. vs.
previously used 1.1 equiv., led to an increase in the yield of disaccharide 4.3 to a very
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respectable 85% (entry 10). The effect of diethyl ether as the reaction solvent effect be
particularly noted in these reactions because reactions performed in CH3CN, CH2Cl2 or
ClCH2CH2Cl (1,2-DCE) afforded disaccharide 4.3 in much lower yields of 63%, 55% or
53%, respectively (entries 11-13). When the amount of donor 4.1 was further increased to
1.5 equiv., the reaction in the presence of Yb(OTf)3 (1.5 equiv.) afforded disaccharide 4.3
in an excellent yield of 91% (entry 14). However, we felt that this increase was not
sufficiently substantial to justify the use of such a large excess of the donor.
Although the best result was achieved in Et2O as the reaction solvent, the use of
ethereal solvents in general is not ideal for glycosylation reactions due to moderate
solubility of many sugar building blocks. Considering the excellent solubility of protected
carbohydrates in halogenated hydrocarbons, and the fact that the yields of 4.3 in neat
CH2Cl2 or 1,2-DCE were only moderate (53-55%) vs. the reaction in neat ether (85%,
entry 10), we next endeavored studying Et2O in combination with CH2Cl2 or 1,2-DCE as
reaction solvents. Using Et2O/CH2Cl2 as the reaction solvent in different ratios (entries
15-17) brought us to the realization that the best yield of disaccharide 4.3 (83%, entry 16)
can be achieved in Et2O/CH2Cl2 (1/1, v/v). Similarly, using Et2O/1,2-DCE as the reaction
solvent in different ratios (entries 18-20) allowed us to achieve the best yield of
disaccharide 4.3 (88%, entry 19) in Et2O/1,2-DCE (1/1, v/v). A series of other lanthanide
(III) triflates were screened, and while Er(OTf)3 and Gd(OTf)3 were found to have
comparable activity to that of Yb(OTf)3, Sm(OTf)3 and Ce(OTf)3 were found to be
somewhat less reactive (entries 21-24).
In a further attempt to enhance the yield of glycosylation reactions, we performed
the reaction using excess donor 4.1 (1.5 equiv.) using the optimized solvent Et2O/1,2-
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DCE (1/1, v/v). As a result, disaccharide 4.3 was obtained in 80% yield (Table 4.2, entry
1). A very similar outcome (18 h, 81%) was achieved when the electronically deactivated
methyl 2,3,4-tri-O-benzoyl-α-D-glucopyranoside was used as the glycosyl acceptor.
Although the use of donor excess was unnecessary for glycosylation of the primary
acceptor 4.2, in further experiments with the secondary acceptors and other less reactive
series of glycosyl nitrates (vide infra) the donor excess (1.5 equiv.) was found beneficial
for obtaining practical yields. With the optimized reaction conditions, per-benzoylated
glycosyl donors of the D-gluco, D-manno and D-galacto series were then investigated
with both primary and secondary glycosyl acceptors. The glycosylation reaction between
donor 4.1 and secondary 2-OH acceptor 4.49 produced disaccharide 4.5 in 88% yield
(entry 2). When 3-OH acceptor 4.69 was glycosylated with donor 4.1, disaccharide 4.7
was obtained in 94% yield (entry 3). 4-OH acceptor 4.89 is less reactive than other
secondary acceptors tested herein, and this was reflected in a lower yield of the respective
disaccharide 4.9 (67%, entry 4).
Table 4.2. Glycosidation of per-benzoylated glycosyl donors of the D-gluco, Dmanno and D-galacto series with various glycosyl acceptors

Entry

Donor

Acceptor

4.1

4.2

Product (Yield)

1
4.3 (80%)
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2

4.1
4.4

3

4

4.5 (88%)

4.1
4.6

4.7 (94%)

4.8

4.9 (67%)

4.1

5

4.2
4.10
4.11 (71%)

6

4.10

4.4

4.12 (43%)

7

4.10

4.6
4.13 (25%)

8

4.10

4.8
4.14 (12%)
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9

4.2
4.15
4.16 (79%)

10

4.15

4.4
4.17 (79%)

11

4.15

4.6
4.18 (72%)

12

4.15

4.8
4.19 (71%)

We then turned our attention to studying per-benzoylated mannosyl nitrate 4.10
that was found to be fairly unreactive. Although a good yield for disaccharide 4.11 was
achieved in the reaction of donor 4.10 with the primary 6-OH acceptor 4.2 (71%, entry
5), reactions with the secondary acceptors gave yields that were below a practical value.
Thus, disaccharides 4.12-4.14 were obtained in modest yields of 12-43% that were in line
with the relative reactivity of glycosyl acceptors (entries 6-8). In contrast, perbenzoylated galactosyl nitrate 4.15 was sufficently reactive, similar to that of glucosyl
nitrate 4.1. This higher reactivity was translated to good yields (71-79%) of disaccharides
4.16-4.19, irrespectively of the nature of the glycosyl acceptor used (entries 9-12).
Based on successful attempts with per-benzoylated glycosyl nitrate donors we
endeavored to investigate glycosyl donors with a non-participating benzyl group at C-2.
As anticipated, glycosidations of per-benzylated (armed) glucosyl nitrate 4.20 proceeded
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much more rapidly than those with per-benzoylated (disarmed) nitrate 4.1. Thus, the
glycosylation reaction between donor 4.20 and 6-OH acceptor 4.2 in CH3CN smoothly
produced disaccharide 4.21 in 96% yield within 1 h (Table 4.3, entry 1). The use of
acetonitrile as the solvent favored the formation of the β-isomer of 4.21 (α/β = 1/3.7).
When Et2O was used as the solvent instead, a nearly quantitave yield (99% yield, entry 2)
was acheived in 3 h. The stereoselectivity was inverted toward the preferential formation
of the α-linked disaccharide 4.21 (α/β = 1.6/1). Also glycosylation in Et2O/1,2-DCE (1/1,
v/v) was slightly α-selective (85%, α/β = 1.3/1, entry 3). These results follow the general
trend of known solvent effects on the stereoselectivity of glycosylation reactions.14
Although glycosidation of donor 4.20 with secondary acceptors 4.4, 4.6, and 4.8
required longer reaction time (18 h), the respective disaccharides 4.22-4.24 were
produced in excellent yields of 90-96%, albeit with low selectivity (entries 4-6). We also
investigated glycosidation of nitrate 4.25 equipped with the superdisarming, 3,4,6-tri-Oacetyl-2-O-benzyl protecting group pattern.15 All reactions with this donor were slower,
which was also reflected in a higher stereocontrol, albeit lower yields ranging from 68%
(α/β = 2.3/1) for reactive primary acceptor 4.2 to 36% (α/β > 20/1) for the least reactive
4-OH acceptor 4.8. The results of these reactions, the synthesis of disaccharides 4.26-4.29
are summarized in entries 7-11. We note that the yield of these glycosylations can be
improved by performing the reactions at elevated temperatures (see the footnote for Table
4.3).
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Table 4.3. Glycosidation of donors 4.20 and 4.25 with a non-participating benzyl
group at C-2 with various glycosyl acceptors in different solvents

Entry

Donor

Acceptor

Solvent (time)

1

4.20

4.2

CH3CN (1 h)

2

4.20

4.2

3

4.20

4.2

4

4.20

4.4

Et2O (3 h)
Et2O/1,2-DCE,
1/1, v/v (4 h)

Product (yield, ratio α/β)

4.21 (96%, α/β = 1/3.7)
4.21 (99%, α/β = 1.6/1)
4.21 (85%, α/β = 1.3/1)

Et2O/1,2-DCE,
1/1, v/v (18 h)
4.22 (96%, α/β = 1.1/1)

5

4.20

4.6

Et2O/1,2-DCE,
1/1, v/v (18 h)
4.23 (94%, α/β = 1.1/1)

6

4.20

4.8

Et2O/1,2-DCE,
1/1, v/v (18 h)
4.24 (90%, α/β = 1.3/1)

7a

4.25

4.2

CH3CN (18 h)
4.26 (44%, α/β = 1/3.1)

8

4.25

4.2

Et2O/1,2-DCE,
1/1, v/v (18 h)

9

4.25

4.4

Et2O/1,2-DCE,
1/1, v/v (18 h)

4.26 (68%, α/β = 2.3/1)
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4.27 (37%, α/β = 5.6/1)

10

4.25

4.6

Et2O/1,2-DCE,
1/1, v/v (18 h)
4.28 (40%, α/β = 4.3/1)

11

4.25

4.8

Et2O/1,2-DCE,
1/1, v/v (18 h)
4.29 (36%, α/β > 20/1)

a

The yield was increased to 60% when the reaction was performed at 50 °C.

4.3 Conclusions and outlook
Presented herein is our first attempt to employ glycosyl nitrates as donors in Oglycosylation reactions. Lanthanide ions with higher charge-to-size ratios showed good
affinity to bind the anomeric nitrate leaving group. High reaction yields were achieved
with per-benzylated and per-benzoylated donors of the D-glucose and D-galactose series
with both primary and secondary glycosyl acceptors in various solvents. On the other
hand, 3,4,6-tri-O-acetyl-2-O-benzyl-protected glucosyl nitrate and per-benzoylated Dmannosyl nitrate were found to be much less reactive, which resulted in fair yields in
reactions with secondary acceptors. The latter results imply that further investigations of
more reactive promoters and systems maybe of interest.

4.4 Experimental
4.4.1 General methods
The reactions were performed using commercial reagents and the ACS grade
solvents used for reactions were purified and dried in accordance with standard
procedures. Column chromatography was performed on silica gel 60 (70-230 mesh),
reactions were monitored by TLC on Kieselgel 60 F254. The compounds were detected by
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examination under UV light and by charring with 10% sulfuric acid in methanol.
Solvents were removed under reduced pressure at <40 °C. CH2Cl2 and 1,2-DCE were
distilled from CaH2, and Et2O was distilled from Na directly prior to application.
Molecular sieves (3 Å), used for reactions, were crushed and activated in vacuo at 390 °C
for 8 h in the first instance and then for 2-3 h at 390 °C directly prior to application.
Optical rotations were measured using a ‘Jasco P-1020’ polarimeter. 1H NMR spectra
were recorded at 300 MHz,

13

C NMR spectra were recorded at 75 MHz. The 1H NMR

chemical shifts are referenced to tetramethylsilane (TMS, δH = 0 ppm) for solutions in
CDCl3. The 13C NMR chemical shifts are referenced to the central signal of CDCl3 (δC =
77.16 ppm) for solutions in CDCl3. Mass analysis was performed using an Agilent 6230
ESI TOF LC/MS mass spectrometer.

4.4.2 Synthesis of glycosyl nitrate donors
2,3,4,6-Tetra-O-benzoyl-β-D-glucopyranosyl nitrate (4.1) was obtained from 2,3,4,6tetra-O-benzoyl-α-D-glucopyranosyl bromide16 as described previously.5

2,3,4,6-Tetra-O-benzoyl-α-D-mannopyranosyl nitrate (4.10). AgNO3 was added to a
solution of 2,3,4,6-tetra-O-benzoyl-α-D-mannopyranosyl bromide17 (5.85 g, 8.87 mmol)
in dry CH3CN (15 mL) and the resulting mixture was stirred for 5 min at room
temperature (rt). After that, the solids were filtered off through a pad of Celite and the
filtrate was concentrated under reduced pressure. The residue was dissolved in CH2Cl2
(∼500 mL) and washed with water (100 mL), 1% aq. NaOH (100 mL), and water (3 ×
100 mL). The organic layer was separated, dried over MgSO4, and concentrated in vacuo.
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The residue was purified by column chromatography on silica gel (ethyl acetate–hexane
gradient elution) to afford the title compound (4.05 g, 71% yield) as a white amorphous
solid. Analytical data for 4.10: Rf = 0.48 (ethyl acetate/hexanes, 3/7, v/v); [α]D22 -31.8 (c
= 1, CHCl3); 1H-n.m.r.: δ, 4.50 (dd, 1H, J6a,6b = 12.3 Hz, H-6a), 4.60 (dt, 1H, J5,6a = 3.8
Hz, J5,6b = 2.5 Hz, H-5), 4.72 (d, 1H, H-6b), 5.78 (dd, 1H, J3,4 = 10.0, H-3), 5.84 (dd, 1H,
J2,3 = 3.4 Hz, H-2), 6.24 (dd, 1H, J4,5 = 12.7 Hz, H-4), 6.49 (d, 1H, J1,2 = 1.9 Hz, H-1),
7.22-7.69 (m, 12H, aromatic), 7.85 (d, J = 7.1 Hz, 2H, aromatic), 7.96 (d, J = 7.1 Hz, 2H,
aromatic), 8.07 (t, J = 7.9 Hz, 4H, aromatic) ppm;

13

C-n.m.r.: δ, 62.1, 65.7, 67.8, 69.6,

71.5, 96.5, 128.5 (× 2), 128.6 (× 7), 128.8 (× 2), 129.8 (× 3), 129.9 (× 4), 130.0 (× 2),
133.3, 133.6, 133.8, 134.0, 165.1, 165.3, 165.4, 166.0 ppm; HR-ESI MS [M+Na]+ calcd
for C34H27NO12Na calcd: 664.1431, found 664.1424.

2,3,4,6-Tetra-O-benzoyl-β-D-galactopyranosyl nitrate (4.15). AgNO3 was added to a
solution of 2,3,4,6-tetra-O-benzoyl-α-D-galactopyranosyl bromide18 (2.79 g, 4.23 mmol)
in dry CH3CN (15 mL) and the resulting mixture was stirred for 5 min at rt. After that, the
solids were filtered off through a pad of Celite and the filtrate was concentrated under
reduced pressure. The residue was dissolved in CH2Cl2 (~250 mL) and washed with
water (50 mL), 1% aq. NaOH (50 mL), and water (3 × 50 mL). The organic layer was
separated, dried over MgSO4, and concentrated in vacuo to afford the title compound
(2.58 g, 95% yield) as a white amorphous solid. Analytical data for 4.15: Rf = 0.74 (ethyl
acetate/hexanes, 3/7, v/v); [α]D22 +105.8 (c = 1, CHCl3); 1H-n.m.r.: δ, 4.46 (dd, 1H, J6a,6b
= 10.6 Hz, J5,6a = 5.7 Hz, H-6a), 4.51-4.59 (m, 1H, H-5), 4.65 (dd, 1H, J5,6b = 6.4 Hz, H6b), 5.74 (dd, 1H, J3,4 = 3.3 Hz, H-3), 5.91 (dd, 1H, J2,3 = 10.1 Hz, H-2), 6.05 (dd, 1H,
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J4,5 = 1.2 Hz, H-4), 6.14 (d, 1H, J1,2 = 8.4 Hz, H-1), 7.22-7.70 (m, 12H, aromatic), 7.747.83 (m, 2H, aromatic), 7.92-8.05 (m, 4H, aromatic), 8.05-8.13 (m, 2H, aromatic).

13

C-

n.m.r.: δ, 61.8, 66.3, 67.6, 71.7, 72.7, 97.8, 128.4, 128.5 (× 2), 128.7 (× 6), 128.9 (× 2),
129.2, 129.9 (× 4), 130.0 (× 2), 130.1 (× 2), 133.5, 133.7, 133.9, 134.0, 164.9, 165.4,
165.5, 166.1 ppm; HR-ESI MS [M+Na]+ calcd for C34H27NO12Na calcd: 664.1431, found
664.1419.

2,3,4,6-Tetra-O-benzyl-D-glucopyranosyl nitrate (4.20).

AgNO3 was added to a

solution of 2,3,4,6-tetra-O-benzyl-α-D-glucopyranosyl chloride19 (0.45 g, 0.80 mmol) in
dry CH3CN (5.0 mL) and the resulting mixture was stirred for 5 min at rt. After that, the
solids were filtered off through a pad of Celite and the filtrate was concentrated under
reduced pressure. The residue was dissolved in CH2Cl2 (∼100 mL) and washed with
water (20 mL), 1% aq. NaOH (20 mL), and water (3 × 20 mL). The organic layer was
separated, dried over MgSO4, and concentrated in vacuo to afford the title compound (α/β
= 1/10, 451.3 mg, 96% yield) as a clear syrup. Analytical data for β-4.20: Rf = 0.70 (ethyl
acetate/hexanes, 3/7, v/v): 1H-n.m.r.: δ, 3.50-3.64 (m, 2H, H-2, 4), 3.65-3.80 (m, 4H, H-3,
5, 6a, 6b), 4.41-5.00 (m, 8H, 4 × CH2Ph), 5.76 (d, 1H, J1,2 = 8.2 Hz, H-1), 7.13 (dd, 3H, J
= 2.9, 6.6 Hz, aromatic), 7.22-7.43 (m, 17H, aromatic) ppm;

13

C-n.m.r.: δ, 68.0, 73.7,

75.2, 75.4, 75.8, 76.0, 76.9, 78.9, 84.8, 100.2, 127.9 (× 2), 128.0 (× 6), 128.1, 128.2,
128.3 (× 2), 128.6 (× 6), 128.7 (× 2), 137.4, 137.8, 137.9, 138.2; HR-ESI MS [M+Na]+
calcd for C34H35NO8Na calcd: 608.2260, found 608.2252.
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3,4,6-Tri-O-acetyl-2-O-benzyl-D-glucopyranosyl nitrate (4.25). AgNO3 was added to
a solution of 3,4,6-tri-O-acetyl-2-O-benzyl-α-D-glucopyranosyl bromide 20 (653.4 mg,
1.42 mmol) in dry CH3CN (6.0 mL) and the resulting mixture was stirred for 5 min at rt.
After that, the solids were filtered off through a pad of Celite and the filtrate was
concentrated under reduced pressure. The residue was dissolved in CH 2Cl2 (∼100 mL)
and washed with water (20 mL), 1% aq. NaOH (20 mL), and water (3 × 20 mL). The
organic layer was separated, dried over MgSO 4, and concentrated in vacuo to afford the
title compound (501.3 mg, 86% yield, α/β = 1/25) as a clear syrup. Analytical data for β4.25: Rf = 0.73 (ethyl acetate/hexanes, 1/1, v/v); 1H-n.m.r.: δ, 1.92, 2.02, 2.07 (3 s, 9H, 3
× COCH3), 3.61 (dd, 1H, J2,3 = 9.2 Hz, H-2), 3.86 (ddd, 1H, J5, 6a = 2.2 Hz, J5,6b = 4.6 Hz,
H-5), 4.10 (dd, 1H, J6a,6b = 12.5 Hz, H-6a), 4.30 (dd, 1H, H-6b), 4.67 (dd, 2H, 2J = 11.7
Hz, CH2Ph), 5.01 (dd, 1H, J4,5 = 10.0 Hz, H-4), 5.27 (dd, 1H, J3,4 = 9.4 Hz, H-3), 5.74 (d,
1H, J1,2 = 8.3 Hz, H-1), 7.03-7.46 (m, 5H, aromatic); 13C n.m.r.: δ, 20.7, 20.8 (× 2), 61.4,
67.7, 72.7, 73.8, 75.0, 75.6, 99.6, 128.2 (× 2), 128.4, 128.7 (× 2), 136.9, 169.7, 170.0,
170.7 ppm; HR-ESI MS [M+Na] + calcd for C 19 H 23 NO 11 Na calcd: 464.1169, found
464.1164.

4.4.3 Synthesis of disaccharides
A typical glycosylation procedure.

A mixture of glycosyl donor (0.068 mmol or as

indicated in tables), glycosyl acceptor (0.045 mmol), and freshly activated molecular
sieves (3 Å, 150 mg) in CH3CN (1.0 mL, or other solvents as indicated in tables) was
stirred under argon for 1 h at rt. Promoter (0.050–0.068 mmol) was added, and the
resulting mixture was stirred at rt for the time indicated in tables. The solids were filtered
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off through a pad of Celite and rinsed successively with CH2Cl2. The combined filtrate
(~40 mL) was washed with water (10 mL), sat. aq. NaHCO3 (10 mL) and water (2 × 10
mL). The organic phase was separated, dried with MgSO4, and concentrated in vacuo.
The residue was purified by column chromatography on silica gel (ethyl acetate–hexane
gradient elution) to afford a disaccharide in yields listed below and in tables.

Methyl 6-O-(2,3,4,6-tetra-O-benzoyl-β-D-glucopyranosyl)-2,3,4-tri-O-benzyl-α-Dglucopyranoside (4.3) was obtained from donor 4.15 and acceptor 4.29 as a clear syrup in
yields listed in tables. Analytical data for 4.3 was in accordance with that reported
previously.21

Methyl 2-O-(2,3,4,6-tetra-O-benzoyl-β-D-glucopyranosyl)-3,4,6-tri-O-benzyl-α-Dglucopyranoside (4.5) was obtained from donor 4.15 and acceptor 4.49 as a clear syrup in
88% yield. Analytical data for 4.5 was in accordance with that reported previously.22

Methyl 3-O-(2,3,4,6-tetra-O-benzoyl-β-D-glucopyranosyl)-2,4,6-tri-O-benzyl-α-Dglucopyranoside (4.7) was obtained from donor 4.15 and acceptor 4.69 as a clear syrup
in 94% yield. Analytical data for 4.7 was in accordance with that reported previously.9

Methyl 4-O-(2,3,4,6-tetra-O-benzoyl-β-D-glucopyranosyl)-2,3,6-tri-O-benzyl-α-Dglucopyranoside (4.9) was obtained from donor 4.15 and acceptor 4.89 as a clear syrup in
67% yield. Analytical data for 4.9 was in accordance with that reported previously.21

Methyl 6-O-(2,3,4,6-tetra-O-benzoyl-α-D-mannopyranosyl)-2,3,4-tri-O-benzyl-α-D-
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glucopyranoside (4.11) was obtained from donor 4.10 and acceptor 4.29 as a clear syrup
in 71% yield. Analytical data for 4.11 was in accordance with that reported previously.22

Methyl 2-O-(2,3,4,6-tetra-O-benzoyl-α-D-mannopyranosyl)-3,4,6-tri-O-benzyl-α-Dglucopyranoside (4.12) was obtained from donor 4.10 and acceptor 4.49 as a clear syrup
in 43% yield. Analytical data for 4.12 was in accordance with that reported previously.23

Methyl 3-O-(2,3,4,6-tetra-O-benzoyl-α-D-mannopyranosyl)-2,4,6-tri-O-benzyl-α-Dglucopyranoside (4.13) was obtained from donor 4.10 and acceptor 4.69 as a clear syrup
in 25% yield. Analytical data for 4.13: Rf = 0.50 (ethyl acetate/toluene, 15/85, v/v); [α]D22
-0.97 (c = 1, CHCl3); 1H-n.m.r.: δ, 3.39 (s, 3H, OCH3), 3.62-3.79 (m, 4H, H-2, 5, 6a, 6b),
3.83 (dd, 1H, J4,5 = 9.6 Hz, H-4), 3.98 (dd, 1H, J5’,6a’ = 3.7 Hz, J6a’,6b’ = 12.4 Hz, H-6a’),
4.31 (dd, 1H, J3,4 = 9.2 Hz, H-3), 4.45 (dd, 1H, J5’,6b’ = 2.0 Hz, H-6b’), 4.52 (dd, 2H, 2J =
12.0 Hz, CH2Ph), 4.62-4.80 (m, 4H, 2 × CH2Ph), 4.81-4.92 (m, 2H, H-1, 5’), 5.57 (d, 1H,
J1’,2’ = 1.3 Hz, H-1’), 5.82 (dd, 1H, J2’,3’ = 3.1 Hz, H-2’), 5.94 (dd, 1H, J3’,4’ = 10.2 Hz, H3’), 6.05 (dd, 1H, J4’,5’ = 10.1 Hz, H-4’), 6.96-8.18 (m, 35H, aromatic);

13

C-n.m.r.: δ,

55.1, 62.5, 66.4, 68.1, 68.4, 69.7, 70.3, 70.4, 72.3, 73.5, 74.6, 76.2, 77.8, 79.1, 97.2, 97.7,
127.4, 127.6 (× 3), 127.8, 128.0 (× 2), 128.1 (× 3), 128.3 (× 7), 128.4 (× 3), 128.5 (× 2),
129.1 (× 2), 129.3, 129.6 (× 2), 129.7 (× 2), 129.8 (× 5), 130.1, 132.7, 133.1, 133.2 (× 2),
137.5 (× 3), 165.1, 165.2, 165.7, 166.2 ppm; HR-ESI MS [M+Na]+ calcd for
C62H58O15Na calcd: 1065.3673, found 1065.3662.

Methyl 4-O-(2,3,4,6-tetra-O-benzoyl-α-D-mannopyranosyl)-2,3,6-tri-O-benzyl-α-D-
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glucopyranoside (4.14) was obtained from donor 4.10 and acceptor 4.89 as a clear syrup
in 12% yield. Analytical data for 4.14 was in accordance with that reported previously.24

Methyl 6-O-(2,3,4,6-tetra-O-benzoyl-β-D-galactopyranosyl)-2,3,4-tri-O-benzyl-α-Dglucopyranoside (4.16) was obtained from donor 4.15 and acceptor 4.29 as a clear syrup
in 79% yield. Analytical data for 4.16 was in accordance with that reported previously.25

Methyl 2-O-(2,3,4,6-tetra-O-benzoyl-β-D-galactopyranosyl)-3,4,6-tri-O-benzyl-α-Dglucopyranoside (4.17) was obtained from donor 4.15 and acceptor 4.49 as a clear syrup
in 79% yield. Analytical data for 4.17 was in accordance with that reported previously.26

Methyl 3-O-(2,3,4,6-tetra-O-benzoyl-β-D-galactopyranosyl)-2,4,6-tri-O-benzyl-α-Dglucopyranoside (4.18) was obtained from donor 4.15 and acceptor 4.69 as a clear syrup
in 72% yield. Analytical data for 4.18 was in accordance with that reported previously.26

Methyl 4-O-(2,3,4,6-tetra-O-benzoyl-β-D-galactopyranosyl)-2,3,6-tri-O-benzyl-α-Dglucopyranoside (4.19) was obtained from donor 4.15 and acceptor 4.89 as a clear syrup
in 71% yield. Analytical data for 4.19 was in accordance with that reported previously.22

Methyl 2,3,4-tri-O-benzyl-6-O-(2,3,4,6-tetra-O-benzyl-D-glucopyranosyl)-α-Dglucopyranoside (4.21) was obtained from donor 4.20 and acceptor 4.29 as a clear syrup
in yields and α/β ratios listed in tables. Analytical data for 4.21 was in accordance with
that reported previously.21
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Methyl 3,4,6-tri-O-benzyl-2-O-(2,3,4,6-tetra-O-benzyl-D-glucopyranosyl)-α-Dglucopyranoside (4.22) was obtained from donor 4.20 and acceptor 4.49 as a clear syrup
in 96% yield with α/β = 1.1/1. Analytical data for 4.22 was in accordance with that
reported previously.22

Methyl 2,4,6-tri-O-benzyl-3-O-(2,3,4,6-tetra-O-benzyl-D-glucopyranosyl)-α-Dglucopyranoside (4.23) was obtained from donor 4.20 and acceptor 4.69 as a clear syrup
in 94% yield with α/β = 1.1/1. Analytical data for 4.23 was in accordance with that
reported previously.27

Methyl 2,3,6-tri-O-benzyl-4-O-(2,3,4,6-tetra-O-benzyl-D-glucopyranosyl)-α-Dglucopyranoside (4.24) was obtained from donor 4.20 and acceptor 4.89 as a clear syrup
in 90% yield with α/β = 1.3/1. Analytical data for 4.24 was in accordance with that
reported previously.21

Methyl 6-O-(3,4,6-tri-O-acetyl-2-O-benzyl-D-glucopyranosyl)-2,3,4-tri-O-benzyl-α-Dglucopyranoside (4.26) was obtained from donor 4.25 and acceptor 4.29 as a clear syrup
in yields and α/β ratios listed in tables. Analytical data for 4.26 was in accordance with
that reported previously.28

Methyl 2-O-(3,4,6-tri-O-acetyl-2-O-benzyl-D-glucopyranosyl)-3,4,6-tri-O-benzyl-α-D-
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glucopyranoside (4.27) was obtained from donor 4.25 and acceptor 4.49 as a clear syrup
in 37% yield (α/β = 5.6/1). Analytical data for 4.27 was in accordance with that reported
previously.22

Methyl 3-O-(3,4,6-tri-O-acetyl-2-O-benzyl-D-glucopyranosyl)-2,4,6-tri-O-benzyl-α-Dglucopyranoside (28) was obtained from donor 4.25 and acceptor 4.69 earlier as a clear
syrup in 40% yield (α/β = 4.3/1). Analytical data for 4.28 was in accordance with that
reported previously.29

Methyl 4-O-(3,4,6-tri-O-acetyl-2-O-benzyl-D-glucopyranosyl)-2,3,6-tri-O-benzyl-α-Dglucopyranoside (4.29) was obtained from donor 4.25 and acceptor 4.89 as a clear syrup
in 90% yield (α/β > 20/1). Analytical data for 4.29 was in accordance with that reported
previously.22

Methyl

2,3,4-tri-O-benzoyl-6-O-(2,3,4,6-tetra-O-benzoyl-β-D-glucopyranosyl)-α-D-

glucopyranoside (4.31) was obtained from donor 1 and methyl 2,3,4-tri-O-benzoyl-α-Dglucopyranoside (4.30)30 as a clear syrup in 81% yield. Analytical data for 4.31 was in
accordance with that reported previously.31
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CHAPTER 5
Development of the chemical
glycosylation reaction with 2-azido-2deoxy nitrate donors
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5.1 Introduction
Aminosugars are commonly found as the components of more complex
molecules,

mainly

antibiotics,

glycoproteins,

lipopolysaccharides,

or

mucopolysaccharides.1 Glycosides of 2-amino-2-deoxy sugars are present in many
important classes of glycoconjugates and naturally occurring oligo-/polysaccharides such
as chitin.2 Because of the natural abundance of 2-aminosugars and their involvement in a
variety of biological processes, the development of chemical methods for the synthesis of
oligosaccharides containing these residues represents an important direction of modern
glycosciences.3

Azides

have

been

successfully

and

widely

used

as

amine

precursors/protecting groups in the chemical synthesis of aminosugars. Beyond providing
a relatively simple way to create a C-N linkage, azides have many advantages over other
protecting groups used in synthesis. These include lower steric hindrance, greater
solubility in organic media, stability under many reaction conditions used in other
protecting group manipulations or during glycosylation reaction, and the absence of the
rotamer formation.4 In addition, this protecting group provides excellent atom economy
and the absence of additional hydrogen or carbon nuclei that could complicate NMR
spectra.4-5 Furthermore, azides can be easily reduced to amines either concomitantly with
other hudrogenation-labile protecting groups or orthogonally by Staudinger reaction or
thiol-mediated reduction.6 In addition, azide groups at C-2 position of glycosyl donors are
especially valuable because of their non-participating effect during glycosylation
reactions, allowing for the synthesis of 1,2-cis glycosidic linkages.3 Until recent reports
utilizing N-benzylidene protected donors by Nguyen and co-workers,7 practically all 1,2-
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cis glycosylations for the synthesis of glycosides of 2-aminosugars have employed
glycosyl donors equipped with the 2-azide moiety.8
One of the significant methods used to introduce the 2-azido moiety to glycals is
the azidonitration protocol developed by Lemieux and Ratcliffe.9 Inspired by early
studies by Trahanovsky and Robbins on the synthesis of α-azido-β-nitroalkanes,10
Lemieux and Ratcliffe anticipated that the azide radical-induced addition to glycals
would provide 2-azido-2-deoxyglycosyl nitrates. This gave rise to the development of the
azidonitration of glycals with sodium azide in the presence of ceric ammonium nitrate
(CAN) in acetonitrile. Although this reaction may proceed with high regioselectivity,
achieving subsequent glycosidation is cumbersome because the anomeric nitrates have be
converted to other suitable leaving groups such as hemiacetal,11 halide,9,

12

acetate,13

trichloroacetimidate,11d, 14 pentenyl,15 phosphate,16 thioglycoside,17 xanthate,13 etc.18
Recently, we discovered that glycosyl nitrates of the D-gluco, D-galacto- and Dmanno series can be used as effective glycosyl donors for O-glycosylation (Chapter 4).19
A high affinity of lanthanide triflates for the activation of nitrate leaving groups of
regular oxygenated sugars was observed. This observation gave us an idea that the
reaction can also be used for the direct glycosidation of glycosyl nitrates of the 2-azido-2deoxy series. Reported herein is our first attempt to study glycosyl nitrates of 2-azido-2deoxysugars as glycosyl donors in chemical glycosylation reactions.
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5.2 Results and Discussion
For our preliminary screening we obtained 2-azido-3,4,6-tri-O-benzoyl-2-deoxy
galactosyl nitrate 5.1. According to our previous study, glycosyl nitrates can be activated
efficiently by using a stoichiometric amount of ytterbium(III) trifluoromethanesulfonate
[Yb(OTf)3] in Et2O/ClCH2CH2Cl (1,2-DCE, v/v, 1/1).19 However, the application of
these reaction conditions to glycosidation of donor 5.1 with primary acceptor 5.220
afforded only 33% with poor stereoselectivity (ɑ/β = 1.6/1, Table 5.1, entry 1). To
improve the utility of this glycosylation reaction we endeavored to optimizing reaction
conditions. The use of neat Et2O as the reaction solvent gave disaccharide 5.3 in 52%
yield (ɑ/β = 3.7/1), while the use of neat 1,2-DCE as the reaction solvent only gave 19%
yield of disaccharide (ɑ/β = 1.0/1, entry 2 and 3). When CH3CN was used as the reaction
solvent, disaccharide 5.3 was obtained in an improved yield of 70%. This reaction
proceeded with enhanced β-stereoselectivity (ɑ/β = 1/3.6, entry 4), which is an
anticipated outcome of reactions in nitrilic solvents.21 The use of 1,4-dioxane as the
reaction solvent gave disaccharide 5.3 in a superior yield of 77%. A commendable 1,2-cis
stereoselectivity (ɑ/β = 4.8/1, entry 5) was obtained due to a known effect of ethereal
solvents in general, and 1,4-dioxane in particular.22 In should be noted that glycosylations
performed in some other reaction solvents, such as DMF or toluene, were sluggish and
inefficient. Since glycosylations in neat 1,4-dioxane provided the most advantageous
combination of the reaction rate, yield, and stereoselectivity in application to the
synthesis of disaccharide 5.3 from glycosyl donor 5.1, subsequent studies of refining this
glycosylation reaction were based on 1,4-dioxane as the reaction solvent.
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Table 5.1. Solvent screening of glycosylations with nitrate donor 5.1

Entry

Solvent

Yield of 5.3 (ratio ɑ/β)

1

Et2O/1,2-DCE,
1/1, v/v

33% (1.6/1)

2

Et2O

52% (3.7/1)

3

1,2-DCE

19% (1.0/1)

4

CH3CN

70% (1/3.6)

5

1,4-dioxane

77% (4.8/1)

Having identified the most suitable reaction solvent, we turned our attention to
optimizing the reaction temperature. As expected, the glycosidation of azido nitrate donor
5.1 with acceptor 5.2 was accelerated at elevated temperatures. Thus, as shown in Table
5.2, the reaction performed at 50 ºC was finished within 5 h to give disaccharide 5.3 in
78% yield (ɑ/β = 3.1/1, entry 1). Even faster reaction (3 h) was achieved at 60 ºC, but
both the yield and stereoselectivity of disaccharide 5.3 declined (71% yield, ɑ/β = 2.8/1,
entry 2). Therefore, we concluded that room temperature experiments offer the optimal
outcome. Having refined the reaction solvent and temperature, we decided to investigate
the effect of promoters and additives. As reported previously, ytterbium(III)
tris(trifluoromethanesulfonyl)methide (CTf3−) is more reactive than Yb(OTf)3. This is
because CTf3− is a more stable counteranion than OTf−, which makes the lanthanide
center more electrophilic for the “nitrate capture.”23 Han et al. reported that a laborious
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preparation of the catalyst containing a CTf3− counterion is unnecessary for the purposes
of enhancing its reactivity.24 A similar effect can be achieved by mixing commercial
catalyst Yb(OTf)3 with potassium tris(trifluoromethanesulfonyl)methide (KCTf3) in situ.
Unfortunately, the counteranion effect was proven insignificant in our glycosylation
reaction. Thus, when KCTf3 (0.15 equiv.) was used as an additive, the reaction was not
accelerated and the yield did not increase.
Table 5.2. Glycosylations with 2-azido-3,4,6-tri-O-benzoyl-2-deoxy galactosyl nitrate
donor 5.1

Acceptor

1

5.2

50 oC

5h

5.3 (78%, 3.1/1)

2

5.2

60 oC

3h

5.3 (71%, 2.8/1)

rt

18 h

3

Temp Time

Product (yield, ratio ɑ/β)

Entry

5.4
5.5 (65%, 4.2/1)

4

rt

18 h

5.6

5

5.7 (58%, 10/1)

rt

18 h

5.8
5.9 (26%, ɑ only)
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With the optimized reaction conditions, secondary acceptors were also
investigated with 3,4,6-tri-O-benzoyl galactosyl nitrate donor 5.1. The reaction between
donor 5.1 and 2-OH acceptor 5.420 led to disaccharide 5.5 in 65% yield (ɑ/β = 4.8/1,
entry 3). The reaction between donor 5.1 and 3-OH acceptor 5.620 gave disaccharide 5.7
in 58% yield (ɑ/β = 10/1, entry 4). The reaction of donor 5.1 with 4-OH acceptor 5.820
gave only 26% disaccharide 5.9 with exclusive α-stereoselectivity (entry 5).
With the general success of glycosylations with the fairly unreactive glycosyl
donor 5.1, we switched to investigating 3,4,6-tri-O-benzylated galactosyl nitrate donor
5.1025 that was expected to be more reactive (armed) due to the less deactivating nature
of the remote ethereal substituents in comparison to that of esters. Indeed, glycosyl donor
5.10 showed much greater reactivity than donor 5.1. Thus, glycosidation of donor 5.10
with the primary glycosyl acceptor 5.2 in the presence of Yb(OTf)3 (1.5 equiv.) in 1,4dioxane at rt produced disaccharide 5.11 in 94% yield in 1 h (ɑ/β = 1/2.2, Table 5.3, entry
1). The reactions with secondary acceptors were also quite swift, but generally provided
somewhat lower yields, which were still well within the preparative value. A reaction
between donor 5.10 and 2-OH acceptor 5.4 led to disaccharide 5.12 in 58% yield in 1 h
(ɑ/β = 1.4/1, entry 2). The reaction between donor 5.10 and 3-OH acceptor 5.6 gave
disaccharide 5.13 in 78% yield in 1h (ɑ/β = 1/1.6, entry 3). The reaction between donor
5.10 and 4-OH acceptor 5.8 gave disaccharide 5.14 in 63% yield in 20 min (ɑ/β = 1/1.5,
entry 4). The reaction between donor 5.10 and benzylidene-protected 3-OH acceptor
5.1526 gave disaccharide 5.16 in 57% yield in 30 min (ɑ/β = 1.3/1, entry 5). Finally, the
reaction of donor 5.10 with di-O-isopropylidene protected 6-OH acceptor 5.17 gave
disaccharide 5.18 in 93% yield in 15 min (ɑ/β = 1/2.4, entry 6).
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Table 5.3. Glycosylations with 3,4,6-tri-O-benzylated galactosyl nitrate donor 5.10

Entry

Acceptor

Time

1

5.2

1h

Product (yield, ratio ɑ/β)

5.11 (94%, 1/2.2)
2

5.4

1h
5.12 (58%, 1.4/1)

3

5.6

1h
5.13 (78%, 1/1.6)

4

5.8

20 min
5.14 (63%, 1/1.5)

5

30 min
5.15

6

5.16 (57%, 1.3/1)

15 min
5.17

5.18 (93%, 1/2.4)

5.3 Conclusions
Presented herein is our first attempt to employ 2-azido-2-deoxy glycosyl nitrates
as donors in O-glycosylation reactions. Yb(OTf)3 was found to be an effective promoter
and 1,4-dioxane was found to be the best reaction solvent for these transformations. The
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benzylated galactosyl azido nitrate donor showed high reactivity with both primary
acceptors and secondary acceptors in comparison to its acylated counterpart. The reaction
conditions were found to be compatible with the acid-labile acetal protecting groups in
glycosyl acceptors.

5.4 Experimental
5.4.1 General methods
The reactions were performed using commercial reagents and the ACS grade
solvents used for reactions were purified and dried in accordance with standard
procedures. Column chromatography was performed on silica gel 60 (70-230 mesh),
reactions were monitored by TLC on Kieselgel 60 F254. The compounds were detected by
examination under UV light and by charring with 10% sulfuric acid in methanol.
Solvents were removed under reduced pressure at <40 °C. 1,4-dioxane was distilled from
from Na directly prior to application. Molecular sieves (3 Å), used for reactions, were
crushed and activated in vacuo at 390 °C for 8 h in the first instance and then for 2-3 h at
390 °C directly prior to application. Optical rotations were measured using a ‘Jasco P1020’ polarimeter. 1H NMR spectra were recorded at 300 MHz or 600 MHz,

13

C NMR

spectra were recorded at 75 MHz or 150MHz. The 1H NMR chemical shifts are
referenced to tetramethylsilane (TMS, δH = 0 ppm) for 1H NMR spectra for solutions in
CDCl3. The 13C NMR chemical shifts are referenced to the central signal of CDCl3 (δC =
77.16 ppm) for solutions in CDCl3. Mass analysis was performed using an Agilent 6230
ESI TOF LC/MS mass spectrometer.
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5.4.2 Synthesis of glycosyl nitrate donor
2-Azido-3,4,6-tri-O-benzoyl-2-deoxy-D-galactosyl nitrate (5.1).

A mixture of 1,5-

anhydro-3,4,6-tri-O-benzoyl-2-deoxy-D -lyxo-hex-l-enitol 27 (4.82 g, 10.5 mmol) and
freshly activated molecular sieves (3 Å, 5 g) in CH3CN (50 mL) was stirred under argon
for 1 h at rt. The mixture was cooled to -15 °C, Ce(NH4)2(NO3)6 (18.4 g, 33.6 mmol) and
NaN3 (1.64 g, 25.2 mmol) were added, and the resulting mixture was stirred for 24 h at 15 °C. After that, the volatiles were removed under the reduced pressure. The residue was
diluted with CH2 Cl 2 , the solids were filtered off through a pad of Celite, and rinsed
successively with CH2Cl2. The combined filtrate (~150 mL) was washed with water (3 ×
30 mL). The organic phase was separated, dried with MgSO4, and concentrated in vacuo.
The residue was purified by column chromatography on silica gel (ethyl acetate–hexane
gradient elution) to afford the title compound (3.00 g, 51% yield, α/β = 1.3/1) as a white
amorphous solid. Analytical data for 5.1: Rf = 0.65 (ethyl acetate/toluene, 1/9, v/v); HRESI MS [M+Na]+ calcd for C27H22N4O10Na 585.1234, found 585.1229.

5.4.3 Synthesis of disaccharides
A typical glycosylation procedure. A mixture of glycosyl donor (0.0675 mmol), glycosyl
acceptor (0.045 mmol), and freshly activated molecular sieves (3 Å, 150 mg) in 1,4dioxane (1.0 mL, or other solvents as indicated in tables) was stirred under argon for 1 h
at rt. Yb(OTf)3 (0.0675 mmol) was added, and the resulting mixture was stirred for the
time and at temperature indicated in tables. After that, the volatiles were removed under
the reduced pressure. The residue was diluted with CH2Cl2, the solids were filtered off
through a pad of Celite, and rinsed successively with CH2Cl2. The combined filtrate (~40
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mL) was washed with water (10 mL), sat. aq. Na2CO3 (10 mL) and water (2 × 10 mL).
The organic phase was separated, dried with MgSO4, and concentrated in vacuo. The
residue was purified by column chromatography on silica gel (ethyl acetate–hexane
gradient elution) to afford a disaccharide in yields and with stereoselectivities listed
below and in tables.

Methyl

6-O-(2-azido-3,4,6-tri-O-benzoyl-2-deoxy-D-galactopyranosyl)-2,3,4-tri-O-

benzyl-α-D-glucopyranoside (5.3) was obtained from donor 5.1 and acceptor 5.220 as a
clear syrup in yields listed in tables. Analytical data for 5.3: Rf = 0.42 (ethyl
acetate/hexanes, 30/70, v/v); HR-ESI MS [M+Na]+ calcd for C55H53N3O13Na calcd:
986.3476, found 986.3486.

Methyl

2-O-(2-azido-3,4,6-tri-O-benzoyl-2-deoxy-D-galactopyranosyl)-3,4,6-tri-O-

benzyl-α-D-glucopyranoside (5.5) was obtained from donor 5.1 and acceptor 5.420 as a
clear syrup in yields listed in tables. Analytical data for 5.5: Rf = 0.44 (ethyl
acetate/hexanes, 30/70, v/v); HR-ESI MS [M+Na]+ calcd for C55H53N3O13Na calcd:
986.3476, found 986.3481.

Methyl

3-O-(2-azido-3,4,6-tri-O-benzoyl-2-deoxy-D-galactopyranosyl)-2,4,6-tri-O-

benzyl-α-D-glucopyranoside (5.7) was obtained from donor 5.1 and acceptor 5.620 as a
clear syrup in yields listed in tables. Analytical data for 5.7: Rf = 0.44 (ethyl
acetate/hexanes, 30/70, v/v); HR-ESI MS [M+Na]+ calcd for C55H53N3O13Na calcd:
986.3476, found 986.3481.
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Methyl 4-O-(2-azido-3,4,6-tri-O-benzoyl-2-deoxy-α-D-galactopyranosyl)-2,3,6-tri-Obenzyl-α-D-glucopyranoside (5.9) was obtained from donor 5.1 and acceptor 5.820 as a
clear syrup in yields listed in tables. Analytical data for 5.9: Rf = 0.47 (ethyl
acetate/hexanes, 30/70, v/v); [α]D22 +83.1 (c = 1, CHCl3); 1H-n.m.r.: δ, 3.42 (s, 3H,
OCH3), 3.59 (dd, 1H, J1,2 = 3.5 Hz, J2,3 = 9.5 Hz, H-2), 3.68 – 3.95 (m, 5H, H-2’, 4, 5, 6a,
6b), 4.02 – 4.18 (m, 2H, H-3, 6a’), 4.21 – 4.33 (m, 2H, H-5’, 6b’), 4.48 – 4.78 (m, 5H, H1, 2 × CH2Ph), 5.01 (dd, J = 82.5, 11.1 Hz, 2H, CH2Ph), 5.65 (dd, J2’,3’ = 11.2, J3’,4’ =3.2
Hz, 1H, H-3’), 5.80 (d, 1H, H-4’), 5.90 (d, J1’,2’= 3.8 Hz, 1H, H-1’), 7.08 – 8.05 (m, 30H,
aromatic);

13

C-n.m.r.: δ, 50.6, 53.3, 57.6, 62.6, 63.5, 63.9, 64.4, 64.5, 68.3, 68.5, 69.4,

69.9, 75.7, 76.9, 92.8, 93.2, 122.6 (× 3), 122.7 (× 2), 122.9, 123.3, 123.4 (× 2), 123.6 (×
6), 123.7 (× 5), 123.8 (× 2), 124.2, 124.3, 124.7, 124.9 (× 2), 125.0 (× 3), 128.4, 128.6,
128.8, 133.0, 133.1, 134.0, 160.5, 160.6, 161.0 ppm; HR-ESI MS [M+Na]+ calcd for
C55H53N3O13Na calcd: 986.3476, found 986.3480.

Methyl

6-O-(2-azido-3,4,6-tri-O-benzyl-2-deoxy-D-galactopyranosyl)-2,3,4-tri-O-

benzyl-α-D-glucopyranoside (5.11) was obtained from donor 5.1025 and acceptor 5.220
as a clear syrup in yields listed in tables. Analytical data for 5.11: Rf = 0.52 (ethyl
acetate/hexanes, 30/70, v/v); HR-ESI MS [M+Na]+ calcd for C55H59N3O10Na calcd:
944.4098, found 944.4092.

Methyl

2-O-(2-azido-3,4,6-tri-O-benzyl-2-deoxy-D-galactopyranosyl)-3,4,6-tri-O-

benzyl-α-D-glucopyranoside (5.12) was obtained from donor 5.1025 and acceptor 5.420
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as a clear syrup in yields listed in tables. Analytical data for 5.12: Rf = 0.54 (ethyl
acetate/hexanes, 30/70, v/v); HR-ESI MS [M+Na]+ calcd for C55H59N3O10Na calcd:
944.4098, found 944.4103.

Methyl

3-O-(2-azido-3,4,6-tri-O-benzyl-2-deoxy-D-galactopyranosyl)-2,4,6-tri-O-

benzyl-α-D-glucopyranoside (5.13) was obtained from donor 5.1025 and acceptor 5.620
as a clear syrup in yields listed in tables. Analytical data for 5.13: Rf = 0.52 (ethyl
acetate/hexanes, 30/70, v/v); HR-ESI MS [M+Na]+ calcd for C55H59N3O10Na calcd:
944.4098, found 944.4104.

Methyl

4-O-(2-azido-3,4,6-tri-O-benzyl-2-deoxy-D-galactopyranosyl)-2,3,6-tri-O-

benzyl-α-D-glucopyranoside (5.14) was obtained from donor 5.1025 and acceptor 5.820
as a clear syrup in yields listed in tables. Analytical data for 5.14: Rf = 0.55 (ethyl
acetate/hexanes, 30/70, v/v); HR-ESI MS [M+Na]+ calcd for C55H59N3O10Na calcd:
944.4098, found 944.4103.

Methyl 3-O-(2-azido-3,4,6-tri-O-benzyl-2-deoxy-D-galactopyranosyl)-2-O-benzyl-4,6O-benzylidene-α-D-glucopyranoside (5.16) was obtained from donor 5.1025 and
acceptor 5.1526 as a clear syrup in yields listed in tables. Analytical data for 5.16: Rf =
0.50 (ethyl acetate/hexanes, 30/70, v/v); HR-ESI MS [M+Na]+ calcd for C48H51N3O10Na
calcd: 852.3472, found 852.3474.

6-O-(2-azido-3,4,6-tri-O-benzyl-2-deoxy-D-galactopyranosyl)-1,2:3,4-di-O-
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isopropylidene-α-D-glucopyranose (5.18) was obtained from donor 5.1025 and acceptor
5.17 as a clear syrup in yields listed in tables. Analytical data for 5.18: Rf = 0.57 (ethyl
acetate/hexanes, 30/70, v/v); HR-ESI MS [M+Na]+ calcd for C39H47N3O10Na calcd:
740.3159, found 740.3161.
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APPENDIX
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Figure A-1: 1H NMR spectrum of 3,3-difluoro-3H-indol-2-yl 3,4,6-tri-O-acetyl-2-O-benzyl-β-Dglucopyranoside (2.2-β)
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Figure A-2:

13

C NMR spectrum of 3,3-difluoro-3H-indol-2-yl 3,4,6-tri-O-acetyl-2-O-benzyl-β-Dglucopyranoside (2.2-β)
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Figure A-3: 2-D NMR COSY spectrum of 3,3-difluoro-3H-indol-2-yl 3,4,6-tri-O-acetyl-2-Obenzyl-β-D-glucopyranoside (2.2-β)
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Figure A-4: 1H NMR spectrum of 3,3-difluoro-3H-indol-2-yl 3,4,6-tri-O-acetyl-2-O-benzyl-α-Dglucopyranoside (2.2-α)
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Figure A-5:

13

C NMR spectrum of 3,3-difluoro-3H-indol-2-yl 3,4,6-tri-O-acetyl-2-O-benzyl-α-Dglucopyranoside (2.2-α)
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Figure A-6: 2-D NMR COSY spectrum of 3,3-difluoro-3H-indol-2-yl 3,4,6-tri-O-acetyl-2-Obenzyl-α-D-glucopyranoside (2.2-α)
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3.5 ppm

CDCl3 at 300 MHz
Figure A-7: 1H NMR spectrum of methyl 2-O-(3,4,6-tri-O-acetyl-2-O-benzyl-α-D-glucopyranosyl)3,4,6-tri-O-benzyl-α-D-glucopyranoside (2.8)
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Figure

A-8:

13

C NMR spectrum of methyl
glucopyranosyl)-3,4,6-tri-O-benzyl-α-D-glucopyranoside (2.8)

2-O-(3,4,6-tri-O-acetyl-2-O-benzyl-α-D-
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Figure A-9: 2-D NMR COSY spectrum of methyl 2-O-(3,4,6-tri-O-acetyl-2-O-benzyl-α-Dglucopyranosyl)-3,4,6-tri-O-benzyl-α-D-glucopyranoside (2.8)
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CDCl3 at 300 MHz
Figure

A-10:

1

H NMR

spectrum

of

glucopyranosyl)-2,3,6-tri-O-benzyl-α-D-glucopyranoside

methyl

4-O-(3,4,6-tri-O-acetyl-2-O-benzyl-α-D-

(2.9)

CDCl3 at 150 MHz
Figure A-11:

13

C NMR spectrum of methyl 4-O-(3,4,6-tri-O-acetyl-2-O-benzyl-α-D(2.9)

glucopyranosyl)-2,3,6-tri-O-benzyl-α-D-glucopyranoside
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CDCl3 at 300 MHz
Figure A-12: 2-D NMR COSY spectrum of methyl 4-O-(3,4,6-tri-O-acetyl-2-O-benzyl-α-Dglucopyranosyl)-2,3,6-tri-O-benzyl-α-D-glucopyranoside (2.9)
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CDCl3 at 300 MHz
Figure

A-13:

1

H NMR

spectrum

of

glucopyranosyl)-2,4,6-tri-O-benzyl-α-D-glucopyranoside

methyl

3-O-(3,4,6-tri-O-acetyl-2-O-benzyl-α-D-

(2.10)

CDCl3 at 75 MHz
Figure A-14:

13

C NMR spectrum of methyl 3-O-(3,4,6-tri-O-acetyl-2-O-benzyl-α-D(2.10)

glucopyranosyl)-2,4,6-tri-O-benzyl-α-D-glucopyranoside
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CDCl3 at 300 MHz
Figure A-15: 2-D NMR COSY spectrum of methyl 3-O-(3,4,6-tri-O-acetyl-2-O-benzyl-α-Dglucopyranosyl)-2,4,6-tri-O-benzyl-α-D-glucopyranoside (2.10)
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CDCl3 at 300 MHz
Figure

A-16:

1

H NMR

spectrum

of

glucopyranosyl)-2,3,4-tri-O-benzyl-α-D-glucopyranoside

methyl

6-O-(3,4,6-tri-O-acetyl-2-O-benzyl-α-D-

(2.11)

CDCl3 at 150 MHz
Figure A-17:

13

C NMR spectrum of methyl 6-O-(3,4,6-tri-O-acetyl-2-O-benzyl-α-D(2.11)

glucopyranosyl)-2,3,4-tri-O-benzyl-α-D-glucopyranoside
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CDCl3 at 300 MHz
Figure A-18: 2-D NMR COSY spectrum of methyl 6-O-(3,4,6-tri-O-acetyl-2-O-benzyl-α-Dglucopyranosyl)-2,3,4-tri-O-benzyl-α-D-glucopyranoside (2.11)

Tinghua Wang | UMSL 2018 | Page 187

CDCl3 at 300 MHz
Figure

A-19:

1

H NMR spectrum of methyl 6-O-(3,4,6-tri-O-acetyl-2-O-benzyl-α-Dglucopyranosyl)-2,3,4-tri-O-benzoyl-α-D-glucopyranoside (2.12)

CDCl3 at 150 MHz
Figure A-20:

13

C NMR spectrum of methyl 6-O-(3,4,6-tri-O-acetyl-2-O-benzyl-α-Dglucopyranosyl)-2,3,4-tri-O-benzoyl-α-D-glucopyranoside (2.12)
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CDCl3 at 300 MHz
Figure A-21: 2-D NMR COSY spectrum of methyl 6-O-(3,4,6-tri-O-acetyl-2-O-benzyl-α-Dglucopyranosyl)-2,3,4-tri-O-benzoyl-α-D-glucopyranoside (2.12)
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CDCl3 at 300 MHz
A-22: 1H NMR
glucopyranoside (2.20)
Figure
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of

1-adamantyl
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2.0

ppm

CDCl3 at 300 MHz
Figure A-23: 1H NMR spectrum of 1,3,4,6-tetra-O-acetyl-α-D-glucopyranose (3.2)
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Figure A-24: 13C NMR spectrum of 1,3,4,6-tetra-O-acetyl-α-D-glucopyranose (3.2)
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Figure A-25: 2-D NMR COSY spectrum of 1,3,4,6-tetra-O-acetyl-α-D-glucopyranose
(3.2)
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CDCl3 at 300 MHz
Figure A-26: 1H NMR spectrum of 2,3,4,6-tetra-O-acetyl-β-D-glucopyranosyl nitrate
(3.13)

CDCl3 at 75 MHz
Figure A-27:
(3.13)

13

C NMR spectrum of 2,3,4,6-tetra-O-acetyl-β-D-glucopyranosyl nitrate
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CDCl3 at 300 MHz
Figure A-28: 2-D NMR COSY spectrum of 2,3,4,6-tetra-O-acetyl-β-D-glucopyranosyl
nitrate (3.13)
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CDCl3 at 300 MHz
Figure A-29: 1H NMR spectrum of 2,3,4,6-tetra-O-benzoyl-β-D-glucopyranosyl nitrate
(3.14)

CDCl3 at 75 MHz
Figure A-30:
(3.14)

13

C NMR spectrum of 2,3,4,6-tetra-O-benzoyl-β-D-glucopyranosyl nitrate
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CDCl3 at 300 MHz
Figure A-31: 2-D NMR COSY spectrum of 2,3,4,6-tetra-O-benzoyl-β-D-glucopyranosyl
nitrate (3.14)
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CDCl3 at 300 MHz
Figure A-32: 1H NMR spectrum of 1,3,4,6-tetra-O-acetyl-2-O-levulinoyl-α-Dglucopyranose (3.15)

CDCl3 at 75 MHz
Figure A-33: 13C NMR spectrum of 1,3,4,6-tetra-O-acetyl-2-O-levulinoyl-α-Dglucopyranose (3.15)
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CDCl3 at 300 MHz
Figure A-34: 2-D NMR COSY spectrum of 1,3,4,6-tetra-O-acetyl-2-O-levulinoyl-α-Dglucopyranose (3.15)
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CDCl3 at 300 MHz
Figure A-35: 1H
glucopyranose (3.16)

NMR

spectrum

of

1,3,4,6-tetra-O-acetyl-2-O-picoloyl-α-D-

CDCl3 at 75 MHz
Figure A-36: 13C
glucopyranose (3.16)

NMR

spectrum

of

1,3,4,6-tetra-O-acetyl-2-O-picoloyl-α-D-
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CDCl3 at 300 MHz
Figure A-37: 2-D NMR COSY spectrum of 1,3,4,6-tetra-O-acetyl-2-O-picoloyl-α-Dglucopyranose (3.16)
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CDCl3 at 300 MHz
Figure A-38: 1H NMR spectrum of 1,3,4,6-tetra-O-acetyl-2-O-trifluoromethanesulfonylα-D-glucopyranose (3.17)

CDCl3 at 75 MHz
13
Figure
A-39:
C
NMR
spectrum
trifluoromethanesulfonyl-α-D-glucopyranose (3.17)

of

1,3,4,6-tetra-O-acetyl-2-O-
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CDCl3 at 300 MHz
Figure A-40: 2-D NMR COSY spectrum
trifluoromethanesulfonyl-α-D-glucopyranose (3.17)

of

1,3,4,6-tetra-O-acetyl-2-O-
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CDCl3 at 300 MHz
1
Figure
A-41:
H
NMR
spectrum
trifluoromethanesulfonyl-α-D-glucopyranose (3.18)

of

1,3,4,6-tetra-O-benzoyl-2-O-

CDCl3 at 75 MHz
13
Figure
A-42:
C
NMR
spectrum
trifluoromethanesulfonyl-α-D-glucopyranose (3.18)

of

1,3,4,6-tetra-O-benzoyl-2-O-
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CDCl3 at 300 MHz
Figure A-43: 2-D NMR COSY spectrum
trifluoromethanesulfonyl-α-D-glucopyranose (3.18)

of

1,3,4,6-tetra-O-benzoyl-2-O-
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CDCl3 at 300 MHz
Figure A-44: 1H NMR spectrum of 2,3,4,6-tetra-O-benzoyl-α-D-mannopyranosyl nitrate
(4.10)

CDCl3 at 75 MHz
Figure A-45: 13C NMR spectrum of 2,3,4,6-tetra-O-benzoyl-α-D-mannopyranosyl nitrate
(4.10)
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CDCl3 at 300 MHz
Figure A-46: 2-D NMR
mannopyranosyl nitrate (4.10)

COSY

spectrum

of

2,3,4,6-tetra-O-benzoyl-α-D-
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CDCl3 at 300 MHz
Figure A-47: 1H NMR spectrum of 2,3,4,6-tetra-O-benzoyl-β-D-galactopyranosyl nitrate
(4.15)

CDCl3 at 75 MHz
Figure A-48: 13C NMR spectrum of 2,3,4,6-tetra-O-benzoyl-β-D-galactopyranosyl nitrate
(4.15)
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CDCl3 at 300 MHz
Figure A-49: 2-D NMR
galactopyranosyl nitrate (4.15)

COSY

spectrum

of

2,3,4,6-tetra-O-benzoyl-β-D-
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CDCl3 at 300 MHz
Figure A-50: 1H NMR spectrum of 2,3,4,6-tetra-O-benzyl-D-glucopyranosyl nitrate
(4.20)

CDCl3 at 75 MHz
Figure A-51:
(4.20)

13

C NMR spectrum of 2,3,4,6-tetra-O-benzyl-D-glucopyranosyl nitrate
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CDCl3 at 300 MHz
Figure A-52: 2-D NMR COSY spectrum of 2,3,4,6-tetra-O-benzyl-D-glucopyranosyl
nitrate (4.20)

Tinghua Wang | UMSL 2018 | Page 210

CDCl3 at 300 MHz
Figure A-53: 1H NMR spectrum of 3,4,6-tri-O-acetyl-2-O-benzyl-D-glucopyranosyl
nitrate (4.25)

CDCl3 at 75 MHz
Figure A-54:
nitrate (4.25)

13

C NMR spectrum of 3,4,6-tri-O-acetyl-2-O-benzyl-D-glucopyranosyl
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CDCl3 at 300 MHz
Figure A-55: 2-D NMR COSY spectrum of 3,4,6-tri-O-acetyl-2-O-benzyl-Dglucopyranosyl nitrate (4.25)
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CDCl3 at 300 MHz
Figure A-56: 1H NMR spectrum of methyl 6-O-(2,3,4,6-tetra-O-benzoyl-β-Dglucopyranosyl)-2,3,4-tri-O-benzyl-α-D-glucopyranoside (4.3)

CDCl3 at 300 MHz
Figure A-57: 1H NMR spectrum of methyl 2-O-(2,3,4,6-tetra-O-benzoyl-β-Dglucopyranosyl)-3,4,6-tri-O-benzyl-α-D-glucopyranoside (4.5)
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CDCl3 at 300 MHz
Figure A-58: 1H NMR spectrum of methyl 3-O-(2,3,4,6-tetra-O-benzoyl-β-Dglucopyranosyl)-2,4,6-tri-O-benzyl-α-D-glucopyranoside (4.7)

CDCl3 at 300 MHz
Figure A-59: 1H NMR spectrum of methyl 4-O-(2,3,4,6-tetra-O-benzoyl-β-Dglucopyranosyl)-2,3,6-tri-O-benzyl-α-D-glucopyranoside (4.9)
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CDCl3 at 300 MHz
Figure A-60: 1H NMR spectrum of methyl 6-O-(2,3,4,6-tetra-O-benzoyl-α-Dmannopyranosyl)-2,3,4-tri-O-benzyl-α-D-glucopyranoside (4.11)

CDCl3 at 300 MHz
Figure A-61: 1H NMR spectrum of methyl 2-O-(2,3,4,6-tetra-O-benzoyl-α-Dmannopyranosyl)-3,4,6-tri-O-benzyl-α-D-glucopyranoside (4.12)
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CDCl3 at 300 MHz
Figure A-62: 1H NMR spectrum of methyl 3-O-(2,3,4,6-tetra-O-benzoyl-α-Dmannopyranosyl)-2,4,6-tri-O-benzyl-α-D-glucopyranoside (4.13)

CDCl3 at 75 MHz
Figure A-63: 13C NMR spectrum of methyl 3-O-(2,3,4,6-tetra-O-benzoyl-α-Dmannopyranosyl)-2,4,6-tri-O-benzyl-α-D-glucopyranoside (4.13)

Tinghua Wang | UMSL 2018 | Page 216

CDCl3 at 300 MHz
Figure A-64: 2-D NMR COSY spectrum of methyl 3-O-(2,3,4,6-tetra-O-benzoyl-α-Dmannopyranosyl)-2,4,6-tri-O-benzyl-α-D-glucopyranoside (4.13)
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CDCl3 at 300 MHz
Figure A-65: 1H NMR spectrum of methyl 4-O-(2,3,4,6-tetra-O-benzoyl-α-Dmannopyranosyl)-2,3,6-tri-O-benzyl-α-D-glucopyranoside (4.14)

CDCl3 at 300 MHz
Figure A-66: 1H NMR spectrum of methyl 6-O-(2,3,4,6-tetra-O-benzoyl-β-Dgalactopyranosyl)-2,3,4-tri-O-benzyl-α-D-glucopyranoside (4.16)
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CDCl3 at 300 MHz
Figure A-67: 1H NMR spectrum of methyl 2-O-(2,3,4,6-tetra-O-benzoyl-β-Dgalactopyranosyl)-3,4,6-tri-O-benzyl-α-D-glucopyranoside (4.17)

CDCl3 at 300 MHz
Figure A-68: 1H NMR spectrum of methyl 3-O-(2,3,4,6-tetra-O-benzoyl-β-Dgalactopyranosyl)-2,4,6-tri-O-benzyl-α-D-glucopyranoside (4.18)
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CDCl3 at 300 MHz
Figure A-69: 1H NMR spectrum of methyl 4-O-(2,3,4,6-tetra-O-benzoyl-β-Dgalactopyranosyl)-2,3,6-tri-O-benzyl-α-D-glucopyranoside (4.19)

CDCl3 at 300 MHz
Figure A-70: 1H NMR spectrum of methyl 2,3,4-tri-O-benzyl-6-O-(2,3,4,6-tetra-Obenzyl-D-glucopyranosyl)-α-D-glucopyranoside (4.21)
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CDCl3 at 300 MHz
Figure A-71: 1H NMR spectrum of methyl 3,4,6-tri-O-benzyl-2-O-(2,3,4,6-tetra-Obenzyl-D-glucopyranosyl)-α-D-glucopyranoside (4.22)

CDCl3 at 300 MHz
Figure A-72: 1H NMR spectrum of methyl 2,4,6-tri-O-benzyl-3-O-(2,3,4,6-tetra-Obenzyl-D-glucopyranosyl)-α-D-glucopyranoside (4.23)
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CDCl3 at 300 MHz
Figure A-73: 1H NMR spectrum of methyl 2,3,6-tri-O-benzyl-4-O-(2,3,4,6-tetra-Obenzyl-D-glucopyranosyl)-α-D-glucopyranoside (4.24)
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CDCl3 at 300 MHz
Figure A-74: 1H NMR spectrum of methyl 2-azido-3,4,6-tri-O-benzoyl-2-deoxy-Dgalactosyl nitrate (5.1)

CDCl3 at 75 MHz
Figure A-75: 13C NMR spectrum of methyl 2-azido-3,4,6-tri-O-benzoyl-2-deoxy-Dgalactosyl nitrate (5.1)
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CDCl3 at 300 MHz
Figure A-76: 2-D NMR COSY spectrum of 2-azido-3,4,6-tri-O-benzoyl-2-deoxy-Dgalactosyl nitrate (5.1)
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CDCl3 at 600 MHz
Figure A-77: 1H NMR spectrum of methyl 6-O-(2-azido-3,4,6-tri-O-benzoyl-2-deoxy-Dgalactopyranosyl)-2,3,4-tri-O-benzyl-α-D-glucopyranoside (5.3)

CDCl3 at 150 MHz
Figure A-78: 13C NMR spectrum of methyl 6-O-(2-azido-3,4,6-tri-O-benzoyl-2-deoxyD-galactopyranosyl)-2,3,4-tri-O-benzyl-α-D-glucopyranoside (5.3)
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CDCl3 at 600 MHz
Figure A-79: 2-D NMR COSY spectrum of methyl 6-O-(2-azido-3,4,6-tri-O-benzoyl-2deoxy-D-galactopyranosyl)-2,3,4-tri-O-benzyl-α-D-glucopyranoside (5.3)
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CDCl3 at 300 MHz
Figure A-80: 1H NMR spectrum of methyl 2-O-(2-azido-3,4,6-tri-O-benzoyl-2-deoxy-Dgalactopyranosyl)-3,4,6-tri-O-benzyl-α-D-glucopyranoside (5.5)

CDCl3 at 150 MHz
Figure A-81: 13C NMR spectrum of methyl 2-O-(2-azido-3,4,6-tri-O-benzoyl-2-deoxyD-galactopyranosyl)-3,4,6-tri-O-benzyl-α-D-glucopyranoside (5.5)
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CDCl3 at 300 MHz
Figure A-82: 2-D NMR COSY spectrum of methyl 2-O-(2-azido-3,4,6-tri-O-benzoyl-2deoxy-D-galactopyranosyl)-3,4,6-tri-O-benzyl-α-D-glucopyranoside (5.5)
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CDCl3 at 300 MHz
Figure A-83: 1H NMR spectrum of methyl 3-O-(2-azido-3,4,6-tri-O-benzoyl-2-deoxy-Dgalactopyranosyl)-2,4,6-tri-O-benzyl-α-D-glucopyranoside (5.7)

CDCl3 at 150 MHz
Figure A-84: 13C NMR spectrum of methyl 3-O-(2-azido-3,4,6-tri-O-benzoyl-2-deoxyD-galactopyranosyl)-2,4,6-tri-O-benzyl-α-D-glucopyranoside (5.7)
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CDCl3 at 300 MHz
Figure A-85: 2-D NMR COSY spectrum of methyl 3-O-(2-azido-3,4,6-tri-O-benzoyl-2deoxy-D-galactopyranosyl)-2,4,6-tri-O-benzyl-α-D-glucopyranoside (5.7)
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CDCl3 at 300 MHz
Figure A-86: 1H NMR spectrum of methyl 4-O-(2-azido-3,4,6-tri-O-benzoyl-2-deoxy-αD-galactopyranosyl)-2,3,6-tri-O-benzyl-α-D-glucopyranoside (5.9)

CDCl3 at 150 MHz
Figure A-87: 13C NMR spectrum of methyl 4-O-(2-azido-3,4,6-tri-O-benzoyl-2-deoxy-αD-galactopyranosyl)-2,3,6-tri-O-benzyl-α-D-glucopyranoside (5.9)
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CDCl3 at 300 MHz
Figure A-88: 2-D NMR COSY spectrum of methyl 4-O-(2-azido-3,4,6-tri-O-benzoyl-2deoxy-α-D-galactopyranosyl)-2,3,6-tri-O-benzyl-α-D-glucopyranoside (5.9)
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CDCl3 at 300 MHz
Figure A-89: 1H NMR spectrum of methyl 6-O-(2-azido-3,4,6-tri-O-benzyl-2-deoxy-Dgalactopyranosyl)-2,3,4-tri-O-benzyl-α-D-glucopyranoside (5.11)

CDCl3 at 75 MHz
Figure A-90: 13C NMR spectrum of methyl 6-O-(2-azido-3,4,6-tri-O-benzyl-2-deoxy-Dgalactopyranosyl)-2,3,4-tri-O-benzyl-α-D-glucopyranoside (5.11)
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CDCl3 at 300 MHz
Figure A-91: 2-D NMR COSY spectrum of methyl 6-O-(2-azido-3,4,6-tri-O-benzyl-2deoxy-D-galactopyranosyl)-2,3,4-tri-O-benzyl-α-D-glucopyranoside (5.11)
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CDCl3 at 300 MHz
Figure A-92: 1H NMR spectrum of methyl 2-O-(2-azido-3,4,6-tri-O-benzyl-2-deoxy-Dgalactopyranosyl)-3,4,6-tri-O-benzyl-α-D-glucopyranoside (5.12)

CDCl3 at 150 MHz
Figure A-93: 13C NMR spectrum of methyl 2-O-(2-azido-3,4,6-tri-O-benzyl-2-deoxy-Dgalactopyranosyl)-3,4,6-tri-O-benzyl-α-D-glucopyranoside (5.12)
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CDCl3 at 300 MHz
Figure A-94: 2-D NMR COSY spectrum of methyl 2-O-(2-azido-3,4,6-tri-O-benzyl-2deoxy-D-galactopyranosyl)-3,4,6-tri-O-benzyl-α-D-glucopyranoside (5.12)
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CDCl3 at 300 MHz
Figure A-95: 1H NMR spectrum of methyl 3-O-(2-azido-3,4,6-tri-O-benzyl-2-deoxy-Dgalactopyranosyl)-2,4,6-tri-O-benzyl-α-D-glucopyranoside (5.13)

CDCl3 at 150 MHz
Figure A-96: 13C NMR spectrum of methyl 3-O-(2-azido-3,4,6-tri-O-benzyl-2-deoxy-Dgalactopyranosyl)-2,4,6-tri-O-benzyl-α-D-glucopyranoside (5.13)
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CDCl3 at 300 MHz
Figure A-97: 2-D NMR COSY spectrum of methyl 3-O-(2-azido-3,4,6-tri-O-benzyl-2deoxy-D-galactopyranosyl)-2,4,6-tri-O-benzyl-α-D-glucopyranoside (5.13)
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CDCl3 at 300 MHz
Figure A-98: 1H NMR spectrum of methyl 4-O-(2-azido-3,4,6-tri-O-benzyl-2-deoxy-Dgalactopyranosyl)-2,3,6-tri-O-benzyl-α-D-glucopyranoside (5.14)

CDCl3 at 75 MHz
Figure A-99: 13C NMR spectrum of methyl 4-O-(2-azido-3,4,6-tri-O-benzyl-2-deoxy-Dgalactopyranosyl)-2,3,6-tri-O-benzyl-α-D-glucopyranoside (5.14)
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CDCl3 at 300 MHz
Figure A-100: 2-D NMR COSY spectrum of methyl 4-O-(2-azido-3,4,6-tri-O-benzyl-2deoxy-D-galactopyranosyl)-2,3,6-tri-O-benzyl-α-D-glucopyranoside (5.14)
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CDCl3 at 300 MHz
Figure A-101: 1H NMR spectrum of methyl 3-O-(2-azido-3,4,6-tri-O-benzyl-2-deoxy-Dgalactopyranosyl)-2-O-benzyl-4,6-O-benzylidene-α-D-glucopyranoside (5.16)

CDCl3 at 75 MHz
Figure A-102: 13C NMR spectrum of methyl methyl 3-O-(2-azido-3,4,6-tri-O-benzyl-2deoxy-D-galactopyranosyl)-2-O-benzyl-4,6-O-benzylidene-α-D-glucopyranoside (5.16)
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CDCl3 at 300 MHz
Figure A-103: 2-D NMR COSY spectrum of methyl 3-O-(2-azido-3,4,6-tri-O-benzyl-2deoxy-D-galactopyranosyl)-2-O-benzyl-4,6-O-benzylidene-α-D-glucopyranoside (5.16)
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CDCl3 at 300 MHz
Figure A-104: 1H NMR spectrum of 6-O-(2-azido-3,4,6-tri-O-benzyl-2-deoxy-Dgalactopyranosyl)-1,2:3,4-di-O-isopropylidene-α-D-glucopyranose (5.18)

CDCl3 at 150 MHz
Figure A-105: 13C NMR spectrum of methyl 6-O-(2-azido-3,4,6-tri-O-benzyl-2-deoxyD-galactopyranosyl)-1,2:3,4-di-O-isopropylidene-α-D-glucopyranose (5.18)
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CDCl3 at 300 MHz
Figure A-106: 2-D NMR COSY spectrum of 6-O-(2-azido-3,4,6-tri-O-benzyl-2-deoxyD-galactopyranosyl)-1,2:3,4-di-O-isopropylidene-α-D-glucopyranose (5.18)

